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Summary
Robotic wheelchairs are important transportation tools for assisting the mobility of dis-
abled users. One such system is the Collaborative Wheelchair Assistant (CWA) devel-
oped at the National University of Singapore.
The CWA collaborates with the user by allowing him to use his cognitive skills while
assisting him in the difficult task of maneuvering by guiding the wheelchair along virtual
paths. The user decides where to go and controls the speed while the path controller
of the system constrains the wheelchair along predefined guide paths. For practical
purposes, the path controller should allow the user to deviate from the guide path should
s/he encounters any unexpected obstacles. To that end, an Elastic Path Controller (EPC)
has been developed previously. For the functions of the CWA, a stable path controller is
hence vitally important to the reliability, maneuverability and cost of the CWA.
The current EPC has some limitations and can be unstable. This study developed a
new elastic path controller for the CWA that can resolve the instability. The drive for
the control system was generated by the weighted sum of the internal restoring force
and the external applied normal force, and a pure rotation strategy was executed to
solve the instability problem in the singularity region. The parameters of the controller
are optimized so as to minimize the influence of external perturbations and parameter
uncertainties. The elastic path controller was successfully implemented for the CWA.
Real-time experiments showed that the newly proposed elastic path controller can drive
the wheelchair to fulfill mobility tasks such as following a guide path, handling the
singularity issue, and so on. The driving performance of the wheelchair is significantly
improved by providing a guide path and that the driving performance of the elastic mode
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is comparable to that of the constrained mode.
The drawback of the proposed EPC is that it cannot handle very large obstacles, as the
normal force that needs to be applied to the CWA in this case can get excessively large
when the wheelchair is far away from the guide path. In such situations, a non-linear
elastic path controller is proposed with inverse exponential function that will allow the
user to avoid arbitrarily large obstacles without needing to apply a very large normal
force. The performance of the nonlinear EPC was verified by simulation experiments.
To improve the performance of the CWA, a force feedback joystick was used to replace
the traditional joysticks. This will enable users with severe vision impairment to feel
the feedback force generated by environmental obstacles or deviation of the wheelchair
from the guide path so the users can adjust the magnitude and direction of force input
according to the different situations. Experimental results indicated that the force feed-
back joystick used in the wheelchair control greatly improves the approaching perfor-
mance, and that the feedback force is an effective tool to assist in the obstacle avoidance
especially when vision feedback is not available for the users.
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1Chapter 1
Introduction
This thesis is concerned with the development of the motion control for a Collaborative
Wheelchair Assistant, a wheelchair that is mainly used in hospitals or rehabilitation
environments. It focuses on the development of a new Elastic Path Controller with low
cost and safety for the wheelchair, and incorporation of force feedback joystick so that
users can feel the environmental information through the input devices.
This chapter will address the background of the collaborative wheelchair assistant project
and its elastic path controller. The main research problems, research objectives, contri-
butions and organizations of this thesis will also be presented in this chapter.
1.1 Background
Wheelchairs take an important role in the modern society as we are entering a world with
rapidly aging population [1]. In many developed countries, 15 percent of the population
is over 65. This great number of elderlies may need a lot of wheelchairs to assist in their
mobility tasks. In the United States alone, there were more than 1.7 million wheelchair
users in 1999, and the number is expected to reach 4.3 million in 2010 [2].
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Though the majority of the wheelchairs developed are manual wheelchairs [3], robotic
wheelchairs have attracted more and more interests of research and application. Apart
from providing mobility aid and saving effort for users, robotic wheelchairs are also
compact and can have more complex and intelligent functionalities. Some have vision
functions for users with vision impairments [4], while others have a functionality for
decision-making for those who have neurological disabilities [5]. With the continual
development of such techniques, robotic wheelchairs will be able to perform more and
more labor tasks or even cognitive activities of human beings.
One interesting concept for the robotic wheelchair is the Collaborative Wheelchair As-
sistant (CWA), an important robotic wheelchair which can assist disabled users in re-
gaining their autonomy by providing a guidance to the mobility task and making use of
the remaining control skills of the users [6].
For the CWA, the path controller is important for its functionality as the reliability,
maneuverability and safety are vitally important to a human-carrying robotic wheelchair.
Many path control approaches have been used in the development of the path controllers
of the robotic wheelchairs, but they have not been satisfactory in actual applications. In
the next chapter, different approaches to path control - sensor-based navigation, shared
autonomy, and path following - will be reviewed in order to find the best method as the
basis of the path controller used in this research project.
1.1.1 Collaborative Wheelchair Assistant (CWA)
In this thesis, a path controller will be designed for the CWA [6] [7] developed by the
Control & Mechatronics Lab at the National University of Singapore (NUS) to improve
the life quality of those users with mobility disabilities. The CWA which aims at re-
lieving the mental and physical labors of the wheelchair operators by providing motion
guidance is a novel type of wheelchair assistant that can help wheelchair users regain
their autonomy and increase their self-confidence and self-esteem.
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A CWA is able to provide the wheelchair user with a guide path, or desired path, which
is pre-designed and stored in the computer software and allows the wheelchair users
to adjust the level of autonomy according to their own ability levels. The principle
of the CWA is to relieve the user of the difficult task of maneuvering the wheelchair
while allowing the user to control the speed along software-defined guide paths, thereby
making use of the different abilities of the human user. This approach is useful especially
for disabled operators with cerebral palsy, who are unable to control their movements
and orientation.
A CWA system has three control modes: The Free Mode (FM) allows the users to drive
the wheelchair like an ordinary powered wheelchair; Constrained Mode (CM) controls
the wheelchair to strictly follow the guide path by going forward or backward along
the guide path; and Elastic Mode (EM) enables the users to deviate from the guide path
when a nonzero normal force is imposed. The wheelchair returns to or follows the guide
path when the normal force is withdrawn.
1.1.2 Elastic Path Controller (EPC)
In normal operation [7], the CWA can follow the guide path when the chair is on the path
and asymptotically return to the guide path when an error occurs between the guide path
and the actual path of the wheelchair. This correction is under the control of an algorithm
based on the path-following technique. However, this corrective ability does not ensure
that the wheelchair can deviate from the guide path when it is on the guide path. In
practical applications, users usually expect that the wheelchair can make deviations to
avoid some obstacles on the guide path or to go to other places that are not on the path,
and therefore the previous path controller is substituted with a new version, the Elastic
Path Controller (EPC) [8].
The EPC is able to automatically produce a restoring force Fγ , which creates a tendency
for the wheelchair to return to the guide path when a position error between the actual
path and the guide path occurs. The larger the distance is between the actual path and
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the guide path, the larger is the restoring force produced. An external normal force F⊥
is imposed on the wheelchair to drive the wheelchair to deviate from the guide path. F⊥
must be large enough to overcome the restoring force so that the wheelchair will break
away from the guide path; the wheelchair will come back to the guide path gradually
after withdrawal of the external normal force or when the external normal force becomes
smaller than the restoring force.
This action is similar to that of a spring: when the spring is compressed, it will automat-
ically generate a restoring force which tends to make the spring get back to its original,
natural status. The more the spring is compressed, the larger the restoring force that is
generated. The spring will asymptotically return to its natural status after withdrawal of
the external force or when the external force is not large enough to overcome the internal
restoring force.
Earlier EPC used in the CWA could not work stably in the singularity areas. In this
study, a new EPC was developed for the CWA based on Brent’s path planner. The new
EPC overcomes the earlier problems encountered in wheelchair applications and ensures
that the wheelchair works more efficiently and stably.
1.2 Research Problems
The prototype of the CWA has been built on the Yamaha JW-I, a commercial electric-
powered wheelchair [7]. The elastic path controller was developed based on the Sam-
son’s controller [9], which drives the CWA to follow the guide path by control of angular
speed. Since it’s time dependent and not safe for users to operate, it was transformed
into path following, which is dependent of geometric property and time impendent. So
it’s safe for operation, but the transformation is complicated, and it causes some possible
instability in the control input. Later we developed an EPC based on the Brent’s path
following planning approach [10], which was successfully used to control the mobility
task of Scooter Cobot, a collaborative robot that was developed by the North Western
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University. However, it still does not work stably when the external normal force is large
or changes frequently.
The EPC previously developed in the CWA project [8] could not work well in the case
of singularities. The CWA following a predefined guide path tends to break away from
the guide path and cannot return to the path when the direction (tangent) of the CWA is
perpendicular to the direction of the guide path. The singularity problem of the EPC has
not been addressed and solved up to now, possibly because the singularity rarely occurs
in the mobility task of the CWA. However, the singularity can sometimes happen at the
beginning of the mobility task.
Another problem is that it is difficult with the original controller to avoid unexpected
large obstacles as the restoring force becomes too large. The existing path controller
can avoid obstacles only of limited sizes, although obstacles of very large sizes may
exist in the real environment. A nonlinear EPC with function of inverse sinusoid was
developed [11] to make the wheelchair deviate far away from the guide path, but this
EPC caused a singularity problem at a particular distance from the guide path. This
EPC was improved by substituting the nonlinear function with an inverse exponential
function [12]. However, it is easy for the wheelchair to become unstable when the
distance is in the vicinity of the rotation center.
One more problem is that the human machine interface (HMI) used in the CWA project
was a position sensing joystick (PSJ), which does not give any feedback. The feedback
information about the environment can only be obtained by the human users. It is very
difficult to acquire complete and accurate environmental information if the vision system
of the users are impaired. The incomplete or incorrect environmental information may
seriously affect the users’ control of the CWA.
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1.3 Research Objectives
The primary objective of the present study was to develop a new Elastic Path Controller
for the Collaborative Wheelchair Assistant, to handle the singularity issues, and to make
users feel the environmental information through input devices. More specifically, the
objectives of this research were to:
• Develop an EPC for the robotic wheelchair so that the users can control the
wheelchair according to their own abilities
• Optimize the parameters so that the path controller can tolerate all the possible
uncertainties and disturbances
• Develop a nonlinear EPC for the CWA so that it can avoid arbitrarily large obsta-
cles on the guide path
• Incorporate the force feedback joystick (FFJ) as the HMI so users can adjust their
motion control strategies by sensing the deviation of the wheelchairs from the
guidance and repulsion forces resulting from the environmental obstacles.
1.4 Contributions of Thesis
• This research may create a deeper understanding of the working principle of the
path following planning and allocation mechanism of control power between hu-
man users and the wheelchairs.
• An improved EPC has been developed that solves the instability and singularity
issues.
• The parameters of the EPC have been optimized using the H2 control.
• This study should contribute to the development of path controllers for robotic
wheelchairs with good performance and low cost.
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• It is the first study to integrate the force feedback functionality into the EPC to
assist with obstacle avoidance in the mobility tasks of the CWA.
1.5 Organization of Thesis
The thesis is organized as follows:
Chapter 1 introduces the background of CWA and the EPC. Three central problems are
put forward related to the path controllers used in the control of CWA. The objectives
of this thesis are listed and the significance of this thesis is also discussed.
Chapter 2 surveys previous studies related to path controllers of robotic wheelchairs
focusing on functionalities that the path controllers can fulfill and challenges that they
encounter when disabled operators used them to control robotic wheelchairs.
Chapter 3 develops the new EPC. First, the hardware of CWA is introduced. Next, two
path controllers that have been used in the CWA control are described and compared.
Next, a new EPC based on Brent’s path planner is proposed that works more stably
by correcting the drawbacks of the original path planner. Singularity problem is also
analyzed and handled in this chapter. Finally, simulation and real-time experiments are
conducted to test the performance of the EPC.
Chapter 4 proposes solutions to improve the performance of the developed EPC and
extends the application scopes of the EPC. The controller parameters are optimized
using the robust control technique. The nonlinear form of EPC based on Brent’s path
planner is also put forward to allow the wheelchair to avoid obstacles of all sizes.
Chapter 5 describes the CWA equipped with an FFJ so the user can adjust the control
strategies of the mobility task by feeling the path error force, which reflects the amount
of deviation of the CWA from the guide path, and the repulsion force coming from the
environmental obstacles.
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Real-time experiments are also conducted to evaluate the performance of the CWA with
force feedback joystick. The hardware used the TCP/IP communications between two
notebook computers. The server computer is linked to the CWA and the client computer
is connected with the force feedback joystick. The obstacle avoidance algorithm is
fulfilled and tested by the real-time experiments.
Chapter 6 summarizes the main contributions in this thesis and gives direction for future
research.
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Literature Review
This chapter surveys previous studies on path controllers for robotic wheelchairs, fo-
cusing on: (1) path planning approaches, and (2) path control approaches for robotic
wheelchairs.
2.1 Path planning approaches
Given the geometry information of the robot and environmental obstacles, the task of
robot path planning is to find a continuous collision-free path between the initial and
goal positions by capturing the connectivity of the free space. Approaches developed to
solve the path planning problem fall broadly into 3 categories: deliberative (hierarchi-
cal), reactive (reflexive) and hybrid planning. In general, the deliberative approach aims
at computing a complete motion path to the goal while the reactive approach determines
the mobility task only for the next-step in the path to the goal.
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2.1.1 Deliberative approach
The deliberative planning approach [13] works at a supervisory level of control and uses
the roadmap information from a global sensor such as GPS to navigate the robot to move
from the initial position to the goal. Most deliberative architectures adopt the Tweak
operator to model the actions of the robot [14]. It works well if the environment is well
known and several actions of the robot are not performed simultaneously. However,
those cases where more than one action are executed simultaneously require a model
that permits simultaneous asynchronous actions [15].
Many algorithms are used in the deliberative planning approach to find the shortest
collision-free path. A roadmap [16] [17] is usually built to represent the connectivity
of free space and connect the initial position and goal to search for an available path
between the two positions. Cell decomposition [18] decomposes the free space into
simple cells using parallel lines via all the vertices of the configuration obstacles. The
free path is then determined by searching the free space for polygonal lines that start
from initial position, end at the goal and bisect the related cells. Dijkstra’s algorithm
[19] searches for the shortest single-source path from the initial point to the goal in a
directed graph without negative edge weights. The algorithm repeatedly examines the
vertices to choose one that is of the lowest cost to the vertex set to be examined, starting
from the beginning and ending at the goal. In this way, it can find the shortest path from
the beginning to the goal. A* Algorithm [20] [21] searches a connected graph in a static
environment for the shortest path from the start to the goal and uses the Dijkstra’s graph
search algorithm to find the optimal path; it yields better performance with minimal
search steps by using heuristics to guide itself, but it is not satisfactory with global
constraints or dynamic environments and it is not efficient when re-planning is needed.
One problem of the deliberative planning is that it requires a world model of the com-
plete environmental information. This is complex to describe in dynamic environments.
Another problem is that it has difficulty avoiding unmodelled or dynamic obstacles be-
cause of the lack of local sensory information.
NATIONAL UNIVERSITY OF SINGAPORE SINGAPORE
2.1 Path planning approaches 11
2.1.2 Reactive approach
The reactive planning approach [22] works at a lower level of control hierarchy and can
operate on line using sensory information as feedback to reflect the local environment.
Many strategies and architectures have been developed using reactive approaches. Sub-
sumption architecture [23] [24] [25] proposes a “horizontal decomposition” of planning
tasks into a series of simultaneous behaviors in response to respective sensory inputs. It
not only can robustly navigate a mobile vehicle in a dynamic environment but also be
extended and adapted to the real-time control of an embedded system [26]; this archi-
tecture is flexible, but it has little ability to incorporate the world knowledge.
Other typical reactive approaches may have new features and functionalities to cater
for their individual needs. Payton’s Reflexive behaviors [27] are a series of motor re-
sponses which reflect directly the sensory-information-generating emergent behaviors.
Kadonoff’s arbitration strategies [28] employ a competition mechanism that chooses
one from multiple behaviors to control the vehicle in rapid response to sensory infor-
mation. Akin’s motor schema [29] consist of a collection of motor behaviors, each of
which outputs a velocity vector for the robot to move in response to the environmental
sensory information. The Reactive Action Package (RAP) [30] provides a situation-
driven execution that is most appropriate to the requirement of the goal; an unsatisfied
task is selected and a corresponding method based on the current world state is chosen
to satisfy it as long as it is active. The PENGI system [31] is a typical reactive approach
in the game industry in which several behaviors are active simultaneously to control the
strategies used by the video game and its relationship with its surrounding objects.
In comparison with deliberative planning, the reactive approach is more flexible and
robust, and it can be applied in unknown and dynamic environments. However, this
kind of planning approach lacks information for global navigation, so the convergence
to the goal position cannot be ensured and it is easy for the robot to get trapped in a local
minima.
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2.1.3 Hybrid approach
The deliberative and reactive approaches have complementary characteristics such that
the merits of one approach can compensate for the drawbacks of the other. In order
to bridge the gap between these two approaches, some researchers have proposed the
hybrid planning approach [32] [33], which applies the deliberative planning to compute
a complete global path from the initial point to the goal using a priori information, and
the reactive approach to execute the local mobility task with the functionality of obstacle
avoidance.
Many hybrid applications emphasize different parts of the integrated mechanisms: Some
approaches design the hybrid architecture in a more reactive form [34], which incorpo-
rates a reactive part as well as a search-based part to fulfill the principle of reacting to the
environment when it can, plans the path when it must and tries to augment its reactive
element as much as possible; Other approaches make the reactive control mechanism
more representational [35], bringing in a fully integrated reactive architecture that elim-
inates the distinction between a reactive control program and a representational map.
Until now, the more popular approaches have incorporated two independent architec-
tures with an interface to connect them [36] [37] [38]. For example, AuRA (Au-
tonomous Robot Architecture) is considered the earliest robotic architecture to use the
hybrid path planning approach for navigation [39] [40][41]. AuRA integrated several
techniques including the a priori world model, reactive control, and integration of vi-
sion. At the highest cognition level, hierarchical planning is integrated by employing
the knowledge representation, including a priori world maps and landmarks, spatial oc-
cupancy maps, collection of motor behaviors and perceptual strategies. The subordinate
navigator chooses a continuous path made up of several piecewise segments according
to the specifications of the mission planner. At the reactive execution level, no repre-
sentational knowledge is needed for the dynamically changing reactive schemas. If the
goal is not attainable at this level, the deliberative planner is stimulated again to renew
the path scheduling based on the current world models.
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ATLANTIS (A Three-Layer Architecture for Navigation Through Intricate Situations),
another typical hybrid architecture, is a heterogeneous and asynchronous architecture
for maneuvering a mobile robot to perform multiple tasks in noisy and unpredictable
environments [42]. ATLANTIS is comprised of three components: The reactive con-
troller is used to control the primitive activities without decision-making functionalities;
the deliberator is designed to perform computation tasks, such as path planning, on the
basis of world models; and the sequencer is responsible for the sequences of controlling
the reactive activities and deliberative planning computations. The deliberator can be
removed and the remaining system is still able to control the robot, which indicates that
the ATLANTIS can work gracefully even when the deliberative planning level fails [43].
With the hybrid planning approach, global convergence is guaranteed provided that mo-
tion connectivity can be maintained, and the sensory information acquired online can
compensate for the incompleteness of the global model with a priori knowledge. How-
ever, the hybrid planning approach requires accurate sensory data to perceive the local
environment, and it is also sensitive to noise. In addition, it is difficult to obtain a series
of smooth, collision-free motion paths on the basis of limited environmental informa-
tion, and so it is desirable to develop other types of path planning methods which can
provide reliable and collision-free paths when the sensory information is not sufficient.
Moreover, intervention of human operators should be incorporated to improve the safety
and maneuverability of the mobile system.
2.2 Path control approaches for robotic wheelchairs
The review of existing robotic wheelchair projects (see details in Appendix A) shows
that different projects focus on different aspects of the mobility tasks, e.g., selection of
control modes, autonomy about obstacle avoidance, perception of environment, pattern
recognition, and so on.
Although the different robotic wheelchairs implement features according to their objec-
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tives, almost all the projects emphasize on two fundamental requirements: safe naviga-
tion and friendly Human Machine Interface (HMI). Since it is inevitable that wheelchairs
will encounter some unexpected situations, especially when they work in unstructured
environments, a failure during the mobility task should not compromise the users’ safety.
At the same time, the wheelchairs may be the disabled users’ primary companions in
their daily lives, and so the control systems of the wheelchairs should interact with the
users in a friendly and effective way, adding comfort and ease to their lives. The key
issue in the development of a robotic wheelchair is how to design a reliable and safe
controller with high maneuverability and low cost.
The earliest stage of path controllers used the simple collision-detection and line-following
control approach, which was developed in the CALL centre smart wheelchairs [44]. In
the application of this controller, the followed line can have some junctions in the middle
that lead to different terminals and the control box is mounted with buttons that corre-
spond to the junctions(e.g., the user can select the “left” button when he/she wants to
follow the left junction). This kind of controller is easy and safe to operate, but the path
that can be followed is fixed and inflexible.
A sensor-based navigation and automatic obstacle avoidance system was developed in
[45]. It can navigate for the wheelchairs and automatically avoid obstacles by using
sensory information. This controller has attracted much interest because of its reliability
and maneuverability and has been widely used in robotic wheelchairs such as MANUS
[46] [47], OMNI [48], and SENARIO [49]. This controller is successful in assisting in
daily life tasks and for mobile service robots, but the main disadvantage is that this kind
of path controller does not take users’ special intentions and needs into consideration.
The control of human-carrying wheelchairs should be quite different from that of mobile
service robots [50] as otherwise the human users will feel powerless and frustrated in
dealing with the machine. Moreover, the “safe” passageway, as detected by the obstacle
detection and avoidance system, may be dangerous or inconvenient to the wheelchair
users, since they may be too narrow or have some movable heavy objects overhead [51].
In order to incorporate human intervention into the control loop, some researchers have
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proposed the sensor-based systems with “shared autonomy” [52] [53] [54], but it is
usually difficult to find a solution to meet a broad range of the user requirements, and so
this approach is not suitable for general application in the daily lives of disabled users.
One control algorithm for the robotic wheelchairs is the Brent’s path following algo-
rithm used in the Cobot control [10]. The controller keeps the robot on the guide path
if there is no input of force normal to the guide path. The path following controller was
successfully used in the control framework of Cobot, which works collaboratively using
direct physical interaction with the human operators within the shared workspace [55].
Cobot uses the computer to control the steering of the wheels by way of the Continuous
Variable Transmission (CVT) mechanism [56] to allow the path controller to guide the
mobility task smoothly. Cobots have been used in industry as Intelligent Assist Devices
(IADs) for material handling and to help the workers execute difficult tasks more effi-
ciently and with reduced risk of injury. Brent’s path following planner provides a guide
path for the mobile robot to follow, which enables users to relieve their work burden to
work out the motion path for the robot. Moreover, it is time independent, so it’s safe
for users to operate. Boy et al. [6] used this path planning approach in the EPC of the
CWA. It works well at low frequencies in the area near the guide path, but it tends to be
unstable when the normal force is large or changes frequently.
2.3 Path controllers with elasticity
The path following planning approach can drive the robotic wheelchairs to approach
asymptotically and follow the predesigned guide path. However, it cannot make the
wheelchair deviate from the guide path. Consequently, it may be risky if some obstacles
are found around the guide path in front of the wheelchair. So it is significant if elasticity
is provided for the path controllers of robotic wheelchairs. Elastic Band may be a good
solution to the obstacle avoidance issue for the path following planner [57]. Normally,
the robotic wheelchair follows the guide path without deviation if no obstacles in the
environment are found. Once the sensor detects that an obstacle is near and may disturb
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the safety of wheelchair, the wheelchair will deviate from the guide path driven by a
repulsion force imposed on it. At the same time, the controller will generate internally
a contraction force, which is a monotonic decreasing function of distance between the
wheelchair and obstacle and tends to make the wheelchair return to the guide path. Elas-
tic strip [58] allows the fulfillment of real-time obstacle avoidance tasks and therefore
fits for the dynamic environments. Elastic roadmap [59] is an extension of elastic band
and elastic strip, which applies a hybrid system combing task-level controller with a
navigation function, so it satisfies the motion constraints and corresponding feedback
requirements in the unstructured and dynamic environments.
The above elastic concepts were mainly developed for the automatic path planning sit-
uations, which is not the case about human-carrying wheelchairs. The newly developed
EPC in this thesis will replace the contraction force with the restoring force that is a
PD control function of the position error, and replace the repulsion force with a nor-
mal force which is generated by human users through joysticks and perpendicular to the
guide path.
2.4 Concluding remarks of the literature review
Research in the field of robotic wheelchairs has increased during the last two decades
and has improved the quality of people’s lives by providing more reliable and safer
mobility aids that can be operated more independently by people with a wider variety of
abilities.
Many path control strategies and algorithms for the robotic wheelchairs have been de-
veloped and used safely to reduce human effort. The simple collision-detection and
line following is easy to operate but is inflexible. Sensor-based navigation and obsta-
cle avoidance is unfit for human-carrying wheelchairs because it may mislead the user
to a path that endangers his/her safety. Sensor-based shared autonomy is not suitable
for common users because it is dependent on complex techniques. Path planning ap-
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proaches may find the best path from initial to goal positions with information about the
wheelchair and the environmental obstacles, but they have difficulty presenting a series
of collision-free paths for the wheelchair, and human intervention is not incorporated in
the control loop.
The Brent’s path following algorithm is a good solution to our application because it
provides a pre-defined guide path that ensures the global convergence of the motion, and
it also guarantees the stability of the wheelchair when the normal force of the controller
does not change frequently.
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Chapter 3
Development of a new EPC for the
CWA
3.1 Introduction
In this chapter, an EPC for the CWA system is introduced. The main contribution of
the author was the development of the new EPC based on the Brent’s path follower.
Experiments were conducted to verify the performance of the new EPC.
3.2 Hardware
3.2.1 CWA
Figure 3.1 shows a prototype of the CWA. It is based on a commercial wheelchair
Yamaha JW-I (2). A joystick (3) works as a human-machine interface by which users
control the wheelchair’s following or deviation from the guide path. A barcode reader
(5) is used to acquire position information from the environment, and the PC (4) pro-
cesses the information and delivers commands to the controller. The manual frame (1)
NATIONAL UNIVERSITY OF SINGAPORE SINGAPORE
3.2 Hardware 19






Figure 3.1: Prototype of a CWA
The guide motion path of the CWA is generated by a software that predefines the
guide path using specific algorithms [6] [8]. By using EPC as its path controller, the
wheelchair can deviate from a pre-designed guide path with a normal applied force and
return to the path when the force is withdrawn. Two types of EPCs have been imple-
mented for the CWA control. Samson’s controller uses the trajectory tracking approach
and transfers it into path following approach [8] [9], which follows a predefined path
and ensures asymptotical convergence, but the control algorithm is complex and can-
not handle the singularity when the wheelchair is at the center of rotation of the guide
path (see equation (3.3)). Brent’s controller uses the path following planning approach,
which is decided by the geometric properties of the curves independent of time. Section
3.5 gives a comparison of these two controllers.
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3.2.2 Input devices
A PSJ is used as an input device through which the human users exert force to control
the motion task of the CWA.
The motion control strategy in the CWA is different from that of a common powered
wheelchair. In an ordinary powered wheelchair, the two orthogonal elements of the
joystick output directly generate the translation and rotation velocities simultaneously.
The parallel output controls the translation of the CWA, and the perpendicular output
controls the rotation of the wheelchair. However, the joystick used in CWA can only di-
rectly generate the translation velocity using the parallel output Fx . The perpendicular
output Fy is used to generate a normal force, which is applied to control the deviation
of the wheelchair from the guide path. The magnitude of the normal force is propor-
tional to the perpendicular value of the joystick output. The rotation velocity ω in the
CWA is generated through the path following control algorithm, from which the trans-
lation velocity v decides the differential variable of path length ds, so the input-output
relationship is ω = f (v,Fy).
The PSJ only provides the force input to control the CWA, but the feedback information
from the environmental obstacles is not presented to the users. An FFJ will be proposed
in Chapter 5 as an input device so that the users can feel the environmental obstacles
as well as how far the CWA deviates from the guide path and adjust driving strategies
accordingly.
3.2.3 Human-machine Interface (HMI)
The programming platform for the CWA motion control system is based on the Linux
Real Time Application Interface (RTAI) Abuntu 2.6.15. Besides being free, the main
advantages of Linux RTAI Operation System (OS) are its real-time data acquisition and
process and its rich resources and tutorials. The programming language for this project
is C.
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The HMI in the CWA architecture consists of the joystick and the Graphic User In-
terface (GUI). The joystick is an HMI through which the human operator exerts force
to influence the behaviors of the mechanism. In comparison, GUI is another kind of
HMI through which the machine presents the human operator with its characteristics,
working conditions and status.
Figure 3.2 is the GUI that is used in the real-time CWA experiments. The GUI consists
of 5 zones: the central part is the “display” zone, where the guide path and the current
position and orientation of the wheelchair are displayed. The lower part is the “initial-
ization” zone, where the initial status of the wheelchair, such as position, orientation and
translation velocity, can be set. The upper right part is the “control mode” zone, where
control modes such as “FreeMode”, “GuideMode” and “AutoMode” can be chosen. The
CM and EM are incorporated into the “GuideMode”. In practical experiments, EM is in
effect when the adjustment coefficient β of the normal force is not equal to zero. Oth-
erwise, the CWA works in CM, and so the CM is a special case of EM. In “AutoMode”,
the CWA can move automatically, starting from the initial position at the predesigned
constant speed. The upper left part is the “motionguidance” zone, from where different
guide paths that are pre-defined and stored in the computer can be selected. The last
part, the lower right part, is the “edit” zone, where the paths can be drawn, modified and
stored into a specific folder in the hard disk.
3.3 Modes of motion control in CWA
There are three primary modes of motion control with which a CWA can match different
abilities: the Free Mode, the Constrained Mode and the Elastic Mode [6]. Each of these
three modes can be chosen with a switch or selective buttons.
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Figure 3.2: GUI in the real-time CWA experiments
3.3.1 Free Mode (FM)
FM allows the user to control the CWA just like an ordinary commercial powered
wheelchair. In FM, the user is able to control the wheelchair’s velocity and direction
via a joystick. Thus, the wheelchair can go to the target without any constraints or
limitations.
As in a common powered wheelchair, the joystick used in the CWA has two axes: speed
axis x and steering axis y, as shown in Figure 3.3. The joystick coordinate system is
different from the world coordinate system, however, in that the x axis and the y axis in
the joystick coordinate system are in the direction of y and the opposite direction of x
axis in the world coordinate system, respectively.
The joystick input F can be decomposed along the two axes. The parallel force Fx, which
is along the speed axis x, generates a translation velocity of the wheelchair v, which is
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Figure 3.3: Joystick axes decomposition
a monotonic increasing function of Fx. The upward input is the positive direction of the
axis x, and the perpendicular force Fy, which is along the steering axis y, provides the
wheelchair with a rotation velocity ω , which is a monotonic increasing function of Fy.
The wheelchair makes a pure translation movement when F is on the x axis; the trans-
lation velocity reaches vmax(maximal velocity of forward motion) and −vmax (maximal
velocity of backward motion) when F is at point b and −b, accordingly. Similarly, the
wheelchair makes a pure rotation movement when F is on the y axis; the translation ve-
locity reaches ωmax (maximal angular velocity of counterclockwise rotation) and−ωmax
(maximal angular velocity of clockwise rotation) respectively when F is at point a and
−a, accordingly.
FM mode is useful when the user intends to generate a guide path via a Walk-through
Programming (WTP) technique [6]. Another useful application is when the user wants
to control and make decisions regarding the wheelchair motion completely on his or
her own. Therefore, FM is beneficial to those users who want to gain the autonomy to
control the wheelchair, assuming they have the necessary control ability.
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3.3.2 Constrained Mode (CM)
The CM mode provides a pre-defined path for users who would not like to maneuver
the wheelchair themselves. In CM, the wheelchair moves strictly along the pre-defined
guide path presented by the computer when the controller gets the command to move
forward or backward; the wheelchair cannot deviate from the guide path even if the
perpendicular component of force input signal from the joystick is not equal to zero.
The key to implementing the CM is to control K, the velocity ratio of the two rear
wheels. As depicted in Figure 3.4, when α , the direction angle of the wheelchair Γ,
is not equal to the tangential angle of the guide path θ , the wheelchair has to make
a rotation as well as a translation to comply with the orientation of the guide path s.
The Instantaneous Center of Rotation (ICR) of the wheelchair is the intersection of the
extension line of the wheels’ axes and the line perpendicular to the velocity of end
effecter V , which is along the orientation of the guide path s [60].
Assuming that O1P1 = l11, O1P2 = l21, O1O = l22 and OO1 = l12, where P1, P2 present
positions of two rear wheels, O and O1 represent the center of the CWA and its projection








= l22tan(α−θ) − l11
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and 1k2 represent the rotation radius of O, P1 and P2.
According to the physical meaning of ICR, the whole wheelchair system can be consid-
ered to be rotating around the ICR. Thus, the angular velocities in different points of the
wheelchair are the same. The relationship among the velocities V , v1 and v2 can then be
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Figure 3.4: Kinematic description of the CWA system
calculated as
 vi = kki |V |, i = 1,2K = v2v1 = k1k2 , (3.2)
where K is the velocity ratio of wheel P2 to P1.
CM cannot drive the CWA to break away from the guide path because the effective nor-
mal force is always zero. At the beginning of the mobility task, the CWA asymptotically
returns to the guide path with the dragging effect of the restoring force if it is not on the
guide path. The CWA cannot leave the guide path once it falls into the guide path. CM
is an ideal solution when the motion path of the wheelchair is fixed and it is certain that
there will be no obstacles or hazardous environments along the path. CM is especially
suitable for the routine and fixed assistive tasks, such as those regular domestic activities
and fixed-course human transportation.
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3.3.3 Elastic Mode (EM)
When the wheelchair works in a changing and uncertain environment, it may need to
deviate from the guide path by application of an external force when some obstacle or
something unexpected that may endanger the safety of the user lies in the pre-designed
path. In this case, the wheelchair will work in the EM. After the wheelchair passes the
obstacle or hazardous environment, it should be able to return gradually to the original
guide path by withdrawal of the external force. EM is useful so that users have the
flexibility and autonomy to control the wheelchair by imposing force on it and can also
ensure their safety and comfort by following the guide path.
In the EM mode, the translation velocity and rotation velocity of the CWA are closely
related. The translation velocity v is still solely determined by the parallel input Fx, i.e.
v = v(Fx). However, the rotation velocity ω is controlled by the translation velocity v,
as well as by the perpendicular joystick input Fy, that is, ω = ω(v,Fy). The curvature of
the CWA is determined by the control input, which is partially controlled by the Fy. The
tangential vector T , which represents the orientation of the CWA, is proportional to the
curvature kN, as well as to the differential coefficient of path length ds, which is in turn
proportional to v. Thus, the rotation velocity ω is jointly controlled by Fx and Fy. When
the joystick is pushed to the left or right side while there is no parallel input, ω is zero
because v is zero, and the CWA does not react at all.
The CM and EM can both be considered to be in one category of Guide Mode (GM),
since both CM and EM are subject to the motion guidance by the pre-defined guide
path. The only difference between the two modes is that the CWA can deviate from the
guide path in EM while it cannot deviate from the guide path in CM. In other words,
the CWA’s behavior does not respond to the normal force in CM. To demonstrate this
mobility control task, we set the adjustment coefficient of the normal force to β = 0 so
that the contribution of the normal force to the overall control input is zero (see equation
(3.21)). Thus, the normal force does not influence the mobility behaviors of the CWA
in the CM.
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3.4 Path generation
The guide path can be generated by the computer software using a series of control
points in GUI or by WTP. GUI has been addressed in Section 3.2.3.
The WTP process in our CWA project is shown in Figure 3.5. In the first stage, the
designer determines the planning of the best path by driving the wheelchair to move in
FM from the initial position to the goal based on the designer’s detection of and esti-
mation about the world information. The concepts of FM and EM have been addressed
in detail in Section 3.3. When the user moves the wheelchair, the encoders mounted on
the two rear wheels record the positions of the wheelchair in the Cartesian coordinate
system. Assume N sampling points are recorded along the tracing path and symbolized
as A1, A2, ..., AN , as shown in Figure 3.5(a). These sampling points are stored in the
computer and used as control points to generate a smooth B-spline as the tentative guide
path, as shown in Figure 3.5(b). st can be modified manually by dragging the related
control points to make the B-spline more suitable - e.g., smoother or able to avoiding
too large a curvature - for application later. When the environments change and some
permanent obstacles come to be in the way of st , or when the user intends to pass some
special points, such as a door or other interesting places, which are not in st , the user
will drive the wheelchair to deviate from the original path in EM to avoid the obsta-
cles ( Figure 3.5(c)). A new B-spline is generated using the renewed control points B1,
B2,...,AM, as shown in Figure 3.5(d). The ultimate path sd is stored as the guide path of
the wheelchair.
3.5 Two path controllers implemented for the CWA
Two path controllers have been implemented for the CWA: Samson’s path controller
and Brent’s path planner. This section will describe these two controllers and make
comparison between them.
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Figure 3.5: Generation of a guide path by WTP
3.5.1 Samson’s path controller
Samson’s path controller for mobile wheel-type robots was developed by Claude Sam-
son et al. [9] in 1993. It initially developed the trajectory tracking approach, which
is time-dependent, and then transferred into path following approach, which is time-
independent. Samson’s controller was used for the unicycle-type and two-steering-type
wheeled mobile robots. In the wheelchair application, only the unicycle-type is used
because the two steering wheels are parallel all the time during their motion periods
and so may be regarded as one wheel from the kinematics point of view. A kinematic
description of the wheelchair, taken as a moving point, is depicted in Figure 3.6.
Figure 3.6 shows two coordinate systems: world coordinate system x−O−y and Frenet
frame Td −Rd − l. According to classical laws of mechanics, the kinematics equation
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Figure 3.6: Kinematic description of a moving wheelchair using Samson’s controller
set of the point R can be described as [9]:

s˙ = vcos(θ −θd)/(1− ccl)
l˙ = vsin(θ −θd),
θ˙ = ω
(3.3)
where v and ω are the linear and angular velocities, respectively, of the moving point
R; θ and θd are the actual direction angle and corresponding desired direction angle,
respectively; and cc is the curvature of the desired motion path s. For the sake of con-
venience, the angular error (θ −θd) is replaced by the symbol 4θ . The derivative with
respect to path length is defined as (.)
′
= d(.)/ds = d(.)dt /
d(.)





= sign(v cos(4θ)1−ccl )
l
′
= tan(4θ)(1− ccl)sign(v cos(4θ)1−ccl )
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2− cc(1− ccl)1+ sin
2(4θ)
cos2(4θ) −gcltan(4θ), (3.5)
where gc is the curvature’s derivative with respect to s and it can be calculated via
c˙c = gcs˙ (3.6)
The feedback linearization technique is used to introduce a control variable u, which




The control input term u can be obtained by the traditional control methods such as a
PD controller
u =−Pll−Dll ′, (3.8)
where Pl and Dl are coefficients of the PD controller. Appropriate selection of values Pl
and Dl may make the position error l asymptotically converge to zero.
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3.5.2 Brent’s path planner
Another CWA path controller is based on Brent’s path planner. Brent’s path controller
was successfully used in the control of Scooter Cobot, a kind of robot that can work
collaboratively with human operators within a shared space, which was developed by
Peshkin and Colgate at Northwestern University [55].
“Virtual Surface” [10] and “Virtual Path” [61] have been put forward and utilized in the
designing of the path planner [62] [63]. “Virtual Surface” is not a real physical structure,
but it acts as a substantial restraint to a moving robot. Like a real physical fixture or
barrier, it produces reaction forces when the robot touches it and tries to penetrate it.
“Virtual Path” can exert strength on the robot using the software to make it return and
follow the originally designed path when the robot deviates from it. The “Virtual Path” is
generated in the computer software and the path following procedure is realized through
Continuously Variable Transmissions (CVTs) [64], which generate a smooth pathway
by presenting continuous variations of the speed ratios. CVTs are inherently passive so
as to ensure the safety of the operators while increasing the freedom of maneuver [65].
Brent’s path planner is based on the path following algorithm instead of the trajectory
tracking one. Path following is time independent and is decided by geometric properties
of the curves, that is, all the variables of the curves can be regarded as the functions of
the path length. The drive of the wheelchair’s movement is completely controlled by the
signals from external input devices, such as joysticks, force/torque sensors, and human
operators. Thus, the controller will not send motion commands to the wheelchair if no
signals come out of the external devices. This is vitally useful in many special cases,
such as when a disabled user is faced with a complex environment and he/she does not
instantly have an idea how to deal with it for the next step. The safest choice for the user
is just to cease the control commands to the input device so that the wheelchair does not
move. Once the user has solved the problem and wants to move again, he/she simply
sends the command to move to the device.
The path following approach can be considered a special type of hybrid path planning
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approach. At the higher level of the hybrid architecture, deliberative planning designs a
virtual path which is generated in GUI or by WTP. In the lower level of the hybrid archi-
tecture, the reactive behaviors of the robot in their mobility tasks are under the control
of human operators, who determines whether they move or not, the motion speed, the
motion direction, and so on. Thus, the path following approach can be regarded as a
hybrid path planning approach with the intervention of human designers and operators.
The kinematics model of the original Brent’s path planner is presented in Figure 3.7,
where s and sd denote the actual path length and corresponding desired path length of
the wheelchair motion, respectively; R and T denote the current actual position and
its tangent vector, respectively; Rd and Td denote current desired position and desired
tangent vector, which are both on the guide path; l is the position error between R and
Rd . In the original model of Brent’s path planner, l and the external normal force F⊥
are perpendicular to T . This strategy of vector relationship easily leads to the instability












Figure 3.7: Kinematics model of Brent’s path planner
The kinematics equation of the position error l is given by:
l = R−Rd (3.10)
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where the desired position Rd of the wheelchair is a function of desired path length sd ,
and the actual position R of the wheelchair is a function of the actual path length s.
In the path following controller design, all the parameters can be taken as functions of
the actual path length s. In particular, parameters on the guide path are indirect functions
of s via the intermediate variable sd . The first and second derivatives of l with respect to
s, as deduced from equation (3.10), are given as:
l
′








where the symbol (.)
′
denotes the first derivative with respect to the path length s, kN de-
notes the current curvature vector of the actual path, and kdNd denotes the corresponding
curvature vector of the guide path.
The drive of the controller is provided by the control input U . In this application, we
utilize the method of orthogonal projection decomposition of U , as shown in Figure 3.8.
The second derivative of desired path length s
′′
d , which is a scalar value, is given by
projection of U onto the orientation of T , and the curvature vector kN is obtained from
the projection of U onto the plane (Γ), which is perpendicular to vector T . From the
inner product principle, s
′′
d = T
TU , and kN =U − s′′dT , so the expressions of these two




TU =UT T (3.13)
NATIONAL UNIVERSITY OF SINGAPORE SINGAPORE
3.5 Two path controllers implemented for the CWA 34
kN = (I−T T T )U , (3.14)
where the matrix (I−T T T ) is a projection matrix which guarantees the perpendicular
relationship kN⊥T .
Figure 3.8: Orthogonal projection decomposition of the control input U
Substituting (3.13) and (3.14) into (3.12) gives
l
′′
= (I−T T T −TdT T )U +(−(s′d)2kdNd) = MU +b, (3.15)
where the square matrix M = I − T T T − TdT T is called the control matrix and b =
−(s′d)2kdNd is a bias because of nonzero values of s
′′
d and kdNd . b is the zero vector
when the motion direction of the wheelchair is perpendicular to the guide path, i.e.,
T⊥Td such that s′d = 0, or when the guide path is a straight line, where kdNd = Θ.
The control goal is realized by feedback linearization control method and the equivalent
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The combination of (3.15) and (3.16) gives
U = M−1(u−b) (3.17)
Thus, the complicated nonlinear system is now equivalent to a simple linear system and
we just need to utilize a PD controller to implement the control task. The control law is
given as
u =−(Pl+Dl ′) (3.18)





+Pl = 0, (3.19)
where PÂ 0 and DÂ 0 are both positive definite matrices. Proper selection of P and D
guarantees the asymptotic stability of the control system.
The block diagram of the wheelchair controller without elasticity is shown in Figure
3.9. The position error l and its first and second derivatives are calculated by the given
variables kN and s′′d , which are projections of control input U onto two perpendicular
directions. Then the parameters T , R, s′d and sd are updated by integration of kN and
s′′d respectively with respect to the differential element of ds. The position - related
parameters in the guide path Rd , Td and kdNd are updated through both the shape of the
path and the current first derivative s′d . The renewed parameters M and b can also be
obtained with all the parameters given above worked out.
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Figure 3.9: Block diagram of the wheelchair controller without elasticity
3.5.3 Comparison of the two controllers
The above analysis shows that Samson’s controller utilizes two coordinate systems. The
transformation calculation between these two coordinate systems is quite complicated,
which may make Samson’s controller generate larger cumulative error.
Furthermore, Samson’s controller utilizes the trajectory tracking algorithm before trans-
forming it into a path following algorithm. According to equation set (3.4), the first
derivative l
′
is not continuous in the vicinity area vcos(4θ)1−ccl = 0, so l
′′
does not exist in
this area, which may cause the system to be unstable when vcos(4θ)1−ccl is switched between
0+ and 0−.
In comparison, Brent’s path planner sets up only one coordinate system, the Frenet
Frame, on the motion path. It utilizes the path following approach directly, and its
control algorithm is also much more concise than that of Samson. Therefore, Brent’s
path planner is likely to be safer and more stable than Samson’s path controller.
However, one drawback of the Brent’s path planner is that Brent’s path planner origi-
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nally selects the current actual tangent as its reference vector. This is not very stable
when the external normal force is large or changes frequently. Moreover, Brent’s path
planner does not work properly and the wheelchair cannot return to guide path when
its direction is perpendicular to the guide path, which is called the singularity problem.
Therefore, it is necessary to design a new EPC based on Brent’s path planner to solve
these problems.
3.6 Development of a New EPC
3.6.1 Modification to the Brent’s path planner
The original version of Brent’s path planner is often unstable when the normal force
is large or changes frequently because the chosen reference vector to the coordinate
system is the current tangent in the actual path, which is a local vector with respect to
the wheelchair. The normal force is always perpendicular to the actual tangent because
it is from the joystick, which is fixed on the wheelchair. The normal force is always
working as a centripetal force to the wheelchair, and so it is easy for the wheelchair to
rotate frequently and the stability of wheelchair is not ensured.
The solution to this problem is to select the current tangent on the guide path instead of
the one on the actual path as the reference vector of the coordinate system, as shown in
Figure 3.10. The triangle symbol represents the wheelchair. Since the desired tangent is
on the guide path, which is smoother than the actual path, it is easy to ensure the stability
of the system.
3.6.2 Principle and basic implementation of the EPC
The Brent’s path planner, without the effect of an external normal force, can satisfy
the requirement of asymptotic stability of the CWA, which makes the CWA follows the
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Figure 3.10: The desired tangent is chosen as the reference vector to the coordinate
system
predefined guide path.
However, this kind of path planner is inflexible because it cannot perform some tasks
users may need or solve some special events which often occur in practical application.
In most cases, wheelchair users want the wheelchair to deviate from the guide path to
avoid collision with obstacles or to go to the places beyond the guide path temporarily
when required.
Figure 3.11 shows how the path controller is able to automatically produce a restoring
force which brings the wheelchair a tendency to return to the guide path. The larger
the distance between the actual path and the guide path, the larger the restoring force
produced. At the same time, an external normal force is imposed on the controller. The
normal force must be large enough to overcome that restoring force so as to make the
wheelchair deviate from the guide path, and the wheelchair will come back to the guide
path gradually after withdrawal of the normal force or when the normal force becomes
smaller than the restoring force.
The steady state occurs when the normal force is equal to the restoring force, much like
an elastic band. When the band is elongated, it will automatically generate a restoring
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force which tends to make it spring back to its original status. The more the band is
elongated, the larger the restoring force generated. The band will asymptotically return
to its natural status after withdrawal of the external force or when the external force is
no longer large enough to overcome the internal restoring force.
Figure 3.11: Illustration of an EPC
The control law of the EPC is expressed as
u =−(1−λ )Fγ +λF⊥ (3.20)
where Fγ = Pl+Dl
′
is called the restoring force and F⊥ is the normal force because it
is normal to the guide path; and λ is the elastic coefficient, which creates the balance
between the two forces. The signs “-” and “+” before the restoring force and normal
force are used to show the effect of opposite directions of these two forces. The restoring
force is used to drag the wheelchair back to the guide path while the normal force is used
to push the wheelchair to deviate from the guide path.
Wheelchair users can fulfill this task via some HMIs. A force/torque (FT) sensor was
utilized in the simulation experiments. The application of FT sensor enables the opera-
tors to feel the magnitude and direction of their force imposed on the controlled subject.
At the same time, they can build up a relationship between the velocity of the wheelchair
and the force they impose, which will significantly contribute to the safety of the mo-
tion control of wheelchair. When the environment of the wheelchair is complex and the
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users need enough time to identify the situation and decide how to deal with it, they can
slow down the wheelchair by inputting a smaller force. In comparison, it is difficult for
the users to control the wheelchair’s velocity by only perception of the displacement of
the handle of a common PSJ. Usually, the users are inclined to using the full capacity of
their control to drive the wheelchair to its maximum velocity. An FT sensor is applied in
the simulation experiments to prevent such risky operations in the complex or hazardous
environments.
The FT sensor and its output decomposition are shown in Figure 3.12. Figure 3.12(a)
shows the prototype of the sensor. A handle is fixed above the sensor with which users
impose the force, which is measured by the sensor and sent out through the cable. As
shown in Figure 3.12(b), the force vector coming from the sensor F can be decomposed
into two perpendicular elements, horizontal element Fx and vertical element Fy, in the
Cartesian coordinate system of the joystick. Fy can be taken as the source of the applied
normal force, which tends to make the wheelchair deviate from the guide path. Fx works
as a drive of the wheelchair, which provides the wheelchair with a value of translation
velocity.
Figure 3.12: A force/torque sensor working as an HMI in the simulation
The orientation of the normal force on the wheelchair, generated through Fy, can be
parallel to l with high accuracy after the motion program initializes the position error
vector l by setting l(0)⊥Td(0). Figure 3.13 is the simulation result of the angular error
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between l and Td with nonzero applied forces imposed on the wheelchair. This indicates
that the normal force is parallel to the position error because it is defined as being normal
to the guide path.
Figure 3.13: Simulation result of the angle difference between l and Td , with nonzero
external forces imposed on the wheelchair
At the beginning stage, the angular error can deviate substantially from 90◦, possibly be-
cause the measurement error may be relatively large when the magnitude of l is small at
the beginning. Another reason for the deviation occurs when the external force changes
abruptly; however, the internal kinematics feature of this kind of controller will make
the angular error asymptotically converge to 90◦.
The generation of the normal force from the joystick input is an important part of this
discussion. Normally, the normal vector is generated through left multiplication by a
rotation matrix on the reference vector. For example, to generate a 2D vector that is per-




is a rotation matrix, which leads to the relationship: y⊥x.
This method is available if the mobile base is always moving forward. Suppose Fx and Fy
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are horizontal and vertical components of joystick input, respectively. If it is always true
that Fx > 0, the normal force an be obtained by F⊥ = βFyMrTd , where coefficient β is a
multiplication factor to adjust the magnitude of the resultant normal force. This formula
ensures that Td rotates counterclockwise to form the direction of F⊥ when Fy > 0, and
that Td rotates clockwise to form the direction of F⊥ when Fy < 0 (Figure 3.14(a)). Thus,
the direction of F⊥ is determined by the direction of Td and the sign of Fy.
The double movement case in our application will cause some problems. When Fx < 0,
the direction of tangent Td will be opposite to the heading direction of the wheelchair,
as shown in Figure 3.14(b). According to the rule of rotation, the direction of F⊥ is
downward when Fy > 0, but the user sitting in the wheelchair expects the normal force















Figure 3.14: Generation of normal force using the method of rotation matrix multipli-
cation
Thus, a new method of generation of normal force should be developed to eliminate
the confusion to the wheelchair user. We propose two steps to fulfill this task. First,
the force from the joystick input is transformed from the world coordinate system to
the Frenet Frame built on the guide path. Next, the inner product is used to obtain the
normal force from the transformed force.
As depicted in Figure 3.15, the coordinate system of the joystick mounted in the wheelchair
can be transformed to the Frenet Frame on the guide path through multiplication by ROD,
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a rotation matrix from coordinate system O to D. The newly transformed force F
′
is pro-
jected onto l to obtain intermediate normal force F
′
⊥, which can be easily transformed
into required normal force by multiplying it by a scaling factor β . β is used here to ad-
just the contribution of joystick input to the control input. A larger value of β generates
a larger normal force so it is easier for the wheelchair to deviate from the guide path.
The ultimate normal force is expressed as
F⊥ = β (I−TdT Td )RODF (3.21)
Figure 3.15: Transformation of force from joystick coordinate system to Frenet Frame
In most of the motion period, we expect the wheelchair to follow the guide path and for
there to be no need for deviation. This requires the perpendicular force element Fy to
remain at zero. However, users can not be certain that Fy is always zero when they push
the handle of the joystick, since that pressure may cause the actual motion pathway to
oscillate around the guide path. In order to eliminate this kind of unwanted oscillation,
a threshold cy is set for Fy. As shown in Figure 3.16, the actual value of Fy is set at 0
when the magnitude of Fy is smaller than cy. This relationship between nominal input
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and actual output of Fy is expressed as
 0, |Fy| ≤ cyFy− cysign(Fy), |Fy|> cy (3.22)
Figure 3.16: Relationship between nominal input and actual output of Fy
The block diagram of the whole EPC control system is given in Figure 3.17. The restor-
ing force Fγ is worked out through the PD controller of which the input is the position
error l. The normal force F⊥ is calculated by equation (3.21). The elastic coefficient λ
is decided by a function in equation (3.23). Fγ , F⊥ and λ come together to determine
the control variable u.
3.6.3 Elastic coefficient
In the control law of the EPC shown in equation (3.20), the symbol λ is called the elastic
coefficient. λ acts as a weight which assigns different contributions of the two forces,
the restoring force Fγ and the normal force F⊥, to the overall control input u.
The selection rule of λ should satisfy the fundamental criteria of an EPC and it is a
function of both Fy and l, that is, λ = f (Fy, l) [66].
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Figure 3.17: Block diagram of the whole EPC control system
Based on equation (3.20), five cases are related to the value of λ . When λ = 1, Fγ has
no contribution to the feedback input, so the wheelchair is not to be dragged back to the
guide path with the effect of the restoring force. When λ = 0, F⊥ has no contribution
to the feedback input, so the normal force cannot be applied to drive the wheelchair to
deviate from the guide path. When λ ∈ (0,1), Fγ and F⊥ both have positive values, so
their contributions to the feedback input are counter-effects and increase of λ increases
the weight of F⊥ while it decreases the weight of Fγ in the feedback input. When λ ∈
(−∞,0), λ < 0 and (1−λ )> 0, so both the restoring force and the normal force make
negative contributions to the feedback input and keep the wheelchair from deviating
from the guide path. Finally, when λ ∈ (1,+∞), λ > 0 and (1− λ ) < 0, so both the
restoring force and the normal force make positive contributions to the feedback input
and impel the wheelchair to deviate from the guide path.
From this analysis, it is clear that, when λ /∈ (0,1), the restoring force and the normal
force have the same directions of contributions to feedback input and cannot act as the
counter effects to the wheelchair mobility task. In addition, the restoring force does not
compel the wheelchair back to the guide path when λ = 1, and the normal force does not
drive the wheelchair to deviate from the guide path when λ = 0. Therefore, the value of
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λ should be in the range of λ ∈ (0,1), but the value of λ is notably close to neither 0 or
1.






)2− ( llmax )2+1}
λ = λ1,λ1 ∈ [0.1,0.9]
λ = 0.1,λ1 < 0.1
λ = 0.9,λ1 > 0.9
(3.23)
In equation (3.23), the upper limit value and lower limit value of λ are set as λmax = 0.9
and λmin = 0.1, respectively, to ensure that both forces make clear contributions to the
wheelchair mobility task. (3.23) also guarantees the continuation requirement of the
elastic coefficient.
Equation set (3.23) involves two parameters: Fymax and lmax. Fymax is easily decided
by the maximal value of permitted perpendicular input of the joystick. However, the
decision regarding lmax is more complex. It is evident that the minimum permitted value
of lmax is the steady state value of lss when Fy = Fymax, excluding the overshoot in the
motion trajectory of the wheelchair. Therefore, lss = lmax when Fy = Fymax. The value










Now we can plot the curve of relationship among λ , Fy and l. We set P= 4I, β = 5, and
Fymax = 10, and the magnitude of maximal position error is worked out as lmax = 12.5.
The relationship curve is shown in Figure 3.18.
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Figure 3.18: Relationship of λ with respect to Fy and l
The curve of the relationship between lss and Fy can be plotted, as shown in Figure 3.19.
It is shown that the magnitude of steady state position error lss is proportional to that of
the applied force Fy. This can be verified by calculation of lss with a given Fy.
Figure 3.19: Relationship between lss and Fy




= Θ. Since F⊥ is a transformation form of
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All the related vectors in this paragraph represent their magnitudes. λ = 0.5 in the
steady state based on the following proof: Assume that the position error reaches the
steady state l = lss1, given the applied force Fy = Fy1. If the applied force is increased
to some value Fy2 > Fy1, and since l can not be changed immediately, λ will be larger
than it was in the previous steady state, that is, λ2 > λ1. If the ultimate value of λ in
the new steady state equals λ2, the new steady state lss2 = λ2β1−λ2‖P−1‖Fy2. Combining







obtain the inequality, lss2Fy2 >
lss1
Fy1
, meaning that lss increases faster than does Fy. On the
other hand, a faster increase of lss causes a decrease in λ . The ultimate value of elastic
coefficient in the steady state is λ2 = λ1, which denotes that lss2Fy2 =
lss1
Fy1
= lmaxFymax . Therefore,
the elastic coefficient in any steady state with a fixed nonzero normal force is λ = 0.5.
Substituting the value of λ into (3.25) gives
lss = β‖P−1‖‖Fy‖ (3.26)
Equation (3.26) shows that the magnitude of lss is proportional to that of ‖Fy‖, given a
nonsingular matrix P−1.
3.6.4 Stability analysis
The performance of the EPC is very much influenced by ∆θ = θ −θd , the angular error
between the actual and desired tangent (Figure 3.10). Figure 3.20 shows the effect of
the initial angular error on the actual path of the wheelchair that starts from an initial
position not on the guide path. When the initial angular error ∆θ increases, with all
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other conditions fixed, the wheelchair takes a longer route to approach the guide path.
Thus, the actual path has a tendency to deviate from the guide path as ∆θ increases.
Section 3.6.5 shows that the wheelchair will no longer return to the guide path if ∆θ is
near to 90◦.



















Figure 3.20: Relationship between the initial angular error and actual path of the
wheelchair
From Figure 3.10, since θ and θd are the actual tangential angle and corresponding









We can calculate the control matrix M according to the definition of M. This gives
M =
 sin2θ − cosθcosθd −sinθ(cosθ + cosθd)
−cosθ(sinθ + sinθd) cos2θ − sinθsinθd
 (3.28)
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After that, it is a simple matter to obtain the determinant of matrix M, as well as that of
M−1:






From (3.30), |det(M−1)| is a monotonic increasing function of 4θ for 0 <4θ < 90◦,
as shown in Figure 3.21. The relationship between4θ and |det(M−1)| for 90◦ <4θ <
180◦ is also drawn in Figure 3.21 based on the symmetry characteristics about the ver-
tical axis of cosine function. The relationship curve is not drawn with the angular error
4θ ∈ [89◦,91◦] because the value of |det(M−1)| tends to explode and may affect the
expression of other values beyond this region. |det(M−1)| becomes larger when 4θ
comes closer to 90◦.
Figure 3.21: Relationship between the angular error and determinant of inverse control
matrix
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Table 3.1: Relationship between |det(M−1)| and 4θ
4θ(◦) 87 88 89 89.2 89.4 89.6 89.8 90
|det(M−1)| 19.1 28.7 57.3 71.6 95.5 143.2 286.5 ∞
3.6.5 Singularity analysis and handling method
To illustrate in depth the relationship between4θ and |det(M−1)|when4θ is very near
to 90◦, Table 3.1 shows the relationship with values 4θ ∈ [87◦,90◦]. Table 3.1 shows
that the control input U goes to infinity when4θ = 90◦. Actually, U is so large that it is
beyond the physical constraints in many industrial applications when4θ(0)≥ 87◦; that
is to say, there is no bounded U that makes the position error l asymptotically converge
to zero if the initial angular error 4θ(0) is in the vicinity of 90◦.
To the best of our knowledge, no literature is available to handle the singularity problem
of the EPC used in the robotic wheelchairs up to now. The kinematic singularities have
been addressed for the control of manipulators. The basic idea is to use inverse kine-
matics to transform various control tasks into corresponding joint motions. Some tried
to avoid going close to the singular configuration by maximizing the operation capacity
of the end-effectors [67], but this is not feasible when the manipulator is not redundant.
Others eliminated the degenerate motion components to avoid large joint velocity when
the manipulator enters the vicinity of singularity [68]. Still others applied the singularity
robust approach, which addresses the discontinuity problem with removal of degener-
ate components [69]. They might be effective in the control of robot manipulators, but
robotic wheelchair has no complex kinematics configuration consisting of joints and
end-effectors and no inverse kinematics is needed. So some simplified methods may be
proposed in this thesis to solve the singularity issues in the EPC of the CWA.
To handle the singularity problem illustrated in Table 3.1, we need to define a singularity
region when the angular error is within some range - say, 4θ ∈ [80◦,100◦]. Inside this
singularity region, the controller will cause the wheelchair to make a pure rotation about
its own axis so that it can jump out of the region. The direction of rotation is dependent
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on the direction of the externally applied force and the orientation of the wheelchair
relative to the guide path. The rule for the choice of the direction of rotation is to
ensure that the wheelchair can follow the drive of the applied force after it jumps out of
the singularity region. The application of this rule is shown in Figure 3.22, where the
desired rotation of the wheelchair is classified into four cases.
Using case 1© as an example, when the heading direction of the wheelchair Γ is within
this singularity region and the applied force F1 is forward, the controller will drive the
wheelchair to rotate clockwise with angular speed ω1. After the wheelchair jumps out
of the singularity region, it can move according to the usual path control algorithm.
Case 3© is similar to case 1©, except that the wheelchair rotates in the counter-clockwise
direction with angular speed ω3 to get out of the singularity region. Cases 2© and 4© are
different from cases 1© and 3©, because cases 2© and 4© stipulate that the orientation of
force is backward while the orientation of the wheelchair always points to the forward
direction of the guide paths. When the heading direction of the CWA Γ is upward and
F2 is to the left, as shown in case 2©, the wheelchair will move backwards and rotate
clockwise with an angular speed of ω2 until the wheelchair is aligned to −F2. Case 4©
is similar to case 2©, except that the wheelchair rotates counter-clockwise with angular
velocity ω4. The angular velocities, ωi, i= 1,2,3,4, are chosen so that ωi ≤ωmax, where
ωmax is the maximum value of the angular velocity that is permitted by the wheelchair
controller.
3.7 Simulation Experiments
Simulation experiments were conducted mainly to test the control algorithm of the
newly developed EPC before it is used in the CWA.
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Figure 3.22: Solution to singularity problem of wheelchair motion
3.7.1 Devices and software used in the simulations
Devices used in the simulations includes a force/torque (FT) sensor, a PC and dedicated
software, as seen in Figure 3.23.
The FT sensor is used as an HMI to simulate the force feedback function of the CWA.
The FT sensor FT6142 was provided by ATI Industrial Automation Company. The
multi-axis FT sensor system FT6142 can be used to measure the 6 dimension of infor-
mation, 3D forces and 3D torques, in parallel. As depicted in Figure 3.24, the FT sensor
consists mainly of 3 components - Transducer, Interface Electronics and DAQ Card
- connected by dedicated cables. The semiconductor strain gauges in the transducer
change their resistances according to the externally imposed forces/torques, which are
detected and output in the form of low-level voltages. The Interface Electronics hard-
ware receives the low-level voltages, creates signal processing, and outputs high-level
voltages accordingly. The DAQ system converts the transducer signals from raw volt-
ages to digital information that can be used by the computer. The DAQ Card is the PCI-
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Figure 3.23: Devices used in the simulation experiments
6034E, supplied by the National Instrument Company. The DAQ Card driver installed
in the PC receives the load information from the transducer, and the corresponding soft-
ware converts the high-level voltages, which represent the change of resistances in the
transducer, to force and torque components and display the change to the wheelchair
users. The outline of the signal acquisition and processing of the FT sensor is shown in
Figure 3.25.
Figure 3.24: Hardware installation of the FT sensor FT6142
The PC was a DELL Pentium 4, with a main frequency of 3.00GHz and RAM of 512
MB. MATLAB7.0 was used as the programming software.
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Figure 3.25: Signal acquisition and processing of the FT sensor
The pre-designed guide path is a B-Spline generated by the software in the computer.
Since the two front caster wheels only take the role of support and have no contribu-
tion to the mobility task of the CWA, the symbol “4” is used to represent the moving
wheelchair in the simulation experiments. Simulation experiments were conducted on
the fundamental functions of EPC and nonlinear EPC.
3.7.2 Simulation for fundamental functions of the EPC
The EPC can fulfill fundamental functions, including the ordinary tasks of path follow-
ing, obstacle avoidance, handling singularities and backward motion, as shown in Figure
3.26 and Figure 3.27. The thinner curve is the predesigned guide path, and the thicker
curve denotes the segment of guide path that corresponds to the actual path of the CWA.
Figure 3.26 shows how the EPC drives the CWA to handle a singularity issue and avoid
the obstacle. The CWA can move forward in the singularity region at the start point A
(see Figure 3.26(a)) and asymptotically follow the guide path without externally applied
normal force to reach the guide path at point B. The CWA will deviate from the guide
path with normal force when the user finds the obstacle on the guide path and it arrives
at point C. After that, the CWA returns to the guide path again with removal of normal
force and ends at point D. In the simulation, the corresponding desired position of
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Figure 3.26: Simulations of singularity handling and obstacle avoidance functionalities
the CWA is always the perpendicular projection of the actual position on the guide path,
meaning that the algorithm ensures the implementation of the Frenet Frame on the guide
path. The singularity motion procedure at start point A is magnified and shown in Figure
3.26(b), from which it is clear that the CWA makes a pure rotation when it drops into the
singularity region, and it moves as usual after it jumps out of the singularity region. The
guide path is an arbitrary curve generated by the PC, so it can represent a general guide
path that is utilized in the CWA applications. Simulation results show that the CWA can
fulfill the mobility tasks under the control of the EPC proposed in this thesis.
Figure 3.27 simulates the path following and backward motion functionalities of the
CWA. In this experiment, the wheelchair starts from A and follows the guide path (seg-
ment B). At point C, the wheelchair goes back toward the direction of start point A with
its heading remaining in the same direction and not turned around. After it gets to D,
the wheelchair goes forward and its direction follows the actual tangent again. The user
then decides to go to point E and so he/she applies a normal force to the left to move the
CWA from the guide path to point E.
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Figure 3.27: Simulations of path following and backward motion functionalities
3.7.3 Comparison of the new EPC with the old one
The new EPC selected the desired tangent Td in stead of T as its reference vector. The
new EPC was conducted simulation experiments in comparison with the old one, as
shown in Figure 3.28. The solid curve in the lower subfigure represents the actual path
of CWA under control of the new EPC, and the dashed curve represents the actual path
of CWA controlled by the old EPC. It is seen that the actual path is oscillating at points
A, B, and C when the perpendicular joystick input changes frequently between -5N and
+5N for the CWA controlled by the old EPC. In comparison, the actual path of CWA
controlled by the new EPC is always stable when the perpendicular joystick changes in
the same pattern. Further increase of the input magnitude to 10N makes the actual path
of old EPC controlled CWA explode, while the new EPC controlled CWA always moves
stably.
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Figure 3.28: Simulation of EPC when the reference vector changes
3.8 Real-time Experiments
3.8.1 Objectives
Objectives of the experiments were to test if the CM and EM are easier to drive and less
energy-consuming to users than FM, and if the EM is an effective assistive tool for the
CWA users.
3.8.2 Subjects
5 able people, whose ages are between 24 and 33, with no body disabilities participated
in the experiments. They all had no experience of driving wheelchairs.
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3.8.3 Experimental environments
The experiments were designed in a laboratory environment with many tables, as shown
in Figure 3.29. The subjects were asked to drive the CWA from the start point A to the
end point B, passing through a narrow door of 0.8m in width in the middle of the travel.
The guide path for CM and EM to refer to was generated beforehand in software through
the WTP and stored in the computer. In FM, the users would finish the motion task
depending on their own mentalities and skills.
Figure 3.29: Experimental environment
3.8.4 Training and instructions
Each subject was seated on the CWA with motors turned off and he was told about the
basic knowledge about the wheelchair and its components. Then the knowledge about
the CWA, EPC and three control modes were described and the GUI was shown to him.
He was instructed how to drive the CWA with FM, EM and CM comfortably.
After training and instructions, the subject was told about the task and objective of the
experiments. He was instructed to drive the CWA from the start point A to the end point
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B, and safely pass through the narrow door without collision. He was asked to minimize
the movement of the joystick.
Each subject had to repeat the experiments in the order of FM, CM and EM for 5 times.
The overall experiment time for one subject was about 55 minutes.
3.8.5 Data analysis methods
Three indices were investigated to evaluate the performance of EPC with different con-
trol modes: travel time, parallel joystick move and normal joystick move.
Travel time is used to estimate how fast the users can complete the motion task from
the start point to the end point. Shorter travel time indicates that the users can finish the
same motion task faster and so maneuver the CWA more efficiently.
Parallel joystick move is defined as sum of the parallel projection of the joystick move,
which is the accumulated variation of the joystick position during the mobility task
of the CWA. Parallel joystick move denotes the confidence of the users in control of
the motion velocity of the CWA. Bigger parallel joystick move indicates that the user
is more hesitant and intervenes more about the motion velocity of the CWA, and the
velocity of the CWA also varies more frequently.
Normal joystick move is the normal project of the joystick move and is closely related
to confidence of the user in steering control of the CWA. Bigger normal move indicates
the user spends more mentality and intervenes more in the steering control of the CWA.
MATLAB’ tool, TTEST2 (Two-sample t-test) was used to compare the performance be-
tween two control modes out of FM, CM and EM. The null hypothesis is “the means of
given two samples are equal” and the significance level is α = 5%. The null hypothesis
is rejected at the significance level when the p-value is p < α .
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3.8.6 Results
All the 5 subjects could fulfill the mobility tasks from the start point to the end with no
collision with the environments. The driving performance of CWA using FM, CM and
EM is evaluated as followings.
Travel time
The average travel time in FM, CM and EM is 33.7s, 27.2s and 27.6s respectively.
The travel time was significantly longer in FM than in EM (p < 0.0001) and CM (p <
0.0001), while the travel time was not significantly different between CM and EM (p >
0.7).
Parallel joystick move
Figure 3.30 shows that the parallel joystick move was significantly larger in FM than
in EM (p < 0.0001) and in CM. The parallel joystick move had no significant change
between CM and EM (p > 0.64). Figure 3.30 also indicates that the parallel joystick
move tends to be decreased with the increased number of trial in FM, CM and EM.
Normal joystick move
Figure 3.31 shows the normal joystick move was significantly larger in FM than in EM
(p < 0.0001) and CM (p < 0.0001). The normal joystick move was not significantly
different in CM from that in EM (p > 0.069). Figure 3.31 also shows that the normal
joystick move tends to be decreased with the increased number of trial in FM, CM and
EM.
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LS fit to FM
LS fit to CM
LS fit to EM
Figure 3.30: Parallel joystick move
3.8.7 Discussions
Driving efficiency
The travel time in CM and EM was significantly shorter than in FM for the same mo-
bility task of the CWA, which shows that the driving efficiency of EM is higher than the
one of FM. At the same time, the driving efficiency of EM is comparable to that of CM,
because their travel time is not significantly different for the same mobility task of the
CWA.
Intervention in the velocity control
The parallel joystick input is used to control the motion velocity of the CWA. The par-
allel joystick move reflects how much the user intervenes in the velocity control. Ac-
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LS fit to FM
LS fit to CM
LS fit to EM
Figure 3.31: Normal joystick move
cording to Figure 3.30, the parallel move in FM was significantly larger than that in EM,
which indicates that subjects intervene more in the velocity control in FM than in EM.
The possible reason is that the subjects have no guide path to rely on when they drive
the CWA in FM. So they hesitate to move forward to change the parallel joystick input
frequently. In comparison, the subjects have guide path when they drive in EM, so they
are more confident about the mobility task and need not vary the parallel joystick input
so frequently as in FM. Subjects also have guide path to depend on in CM, which causes
that the parallel move in CM is similar to that in EM.
The parallel move was decreased with the increase of trials, which confirms that training
to drive the CWA improves the subjects’ driving skills and make them more confident
in the mobility task of the CWA.
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Intervention in the steering control
The normal joystick input is used to control the steering of the CWA and the normal joy-
stick move represents how much the user intervenes in the steering control. According
to Figure 3.31, the normal move in FM was remarkably lager than that in EM. This may
be because that the subjects have no guidance in FM and they have to vary the normal
joystick input more to adapt to the environment. The subjects have guide path to rely on
in CM and EM, so their normal move is similar and notably smaller in comparison with
that in FM.
3.9 Conclusion
In this chapter, a new EPC was developed based on the Brent’s path planner to suit for
the application of CWA. The simulation experiments and real-time experiments were
also conducted to evaluate the performance of the EPC. The results of these experiments
show that the EPC can fulfill its fundamental functions and handle the singularity issues
nicely.
The performance of three control modes was also compared based on real-time experi-
ments by fulfilling the same mobility task. The results of the experiments showed that:
• The driving efficiency of the CWA is notably improved by providing the guide
path.
• The user’s intervention in the velocity control as well as in steering control is
greatly decreased in comparison with that in FM.
• The user’s intervention in the velocity and steering control is not significantly
different between CM and EM.
• Training helps to improve the driving performance in FM, CM and EM.
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The driving performance of EM is better than that of FM and is comparable to that of
CM. At the same time, the CWA in EM can deviate from the guide path while it cannot
deviate in CM. This indicates that users in EM have more autonomy to control the CWA.
Such unique characteristics of EM make it an irreplaceable assistive tool for the disabled
users in the daily driving tasks of the CWA.
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Chapter 4
Improvements of the EPC
4.1 Introduction
This chapter mainly addresses how to further improve the performance of the newly
developed EPC described in Chapter 3.
One aspect is how to optimize the controller parameters so as to minimize the influence
of external perturbations and parameter uncertainties. Another issue is to make the
controller drive the CWA to deviate no matter how far away from the guide path to
avoid large size obstacles.
4.2 Parameter optimization of the EPC
The parameters P and D in equation (3.20) are two symmetric positive definite matrices
such that P = PT Â 0 and D = DT Â 0. They determine the kinematic characteristics as
well as the asymptotic stability of the closed-loop control system. Generally speaking,
the larger the gain P, the faster the wheelchair goes back to the guide path. D represents
the damping ratio of the control system. The system is over-damped when D > 2
√
P,
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and under-damped when D < 2
√
P. It is known that faster response speed is obtained at
the price of a larger degree of oscillation. Thus, we need to choose D as a compromise
between smaller oscillation in the transient process and faster response to the command
signals.
However, the parameters are not optimized when external perturbations and parameter
uncertainties exist in the real environment. This chapter proposes the parameter opti-
mization process using the H2 robust control technique [70] [71] [72] when external
perturbations and parameter uncertainties are taken into consideration in the real envi-
ronment.
The EPC control system described in previous chapters is stable if the kinematic model
is accurate and all parameters are determined exactly. In practice, however, the param-
eters cannot be known exactly. Parameters uncertainties, sensor noises, perturbations,
disturbances, and other inputs will affect the stability and performance of the overall
control system. Thus, the developed controller should be robust enough to tolerate all
the possible uncertainties. In our case, we take the equivalent of all the uncertainty
factors as disturbance w on the control vector u, as shown in Figure 4.1.
Figure 4.1: Block diagram of of an EPC with an equivalent disturbance w




NATIONAL UNIVERSITY OF SINGAPORE SINGAPORE
4.2 Parameter optimization of the EPC 68





































The goal of robust control is to make the influence of the disturbance w on the whole
system as small as possible, that is, for a given ‖w‖, the H2 norm of Tzw, ‖Tzw‖2, is
as small as possible. Since D2 = 0, which is not an injective matrix, we can take this
equation set as the singular case of the H2 optimization problem [73] [74], which may be


















where ε is a perturbation with small positive value, the control system (4.2) is trans-
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Here, the symbol ˜(.) represents the extended form of the corresponding matrix (.). Since
now D˜2 is of maximal column rank and it is an injective matrix for any ε > 0, we can
take it as a regular H2 optimization problem and find the control law by solving the
Algebraic Riccati Equation (H2 -ARE) [75].
AT P˜+ P˜A+C˜T2 C˜2− (P˜B+C˜T2 D˜2)(D˜T2 D˜2)−1(D˜T2 C˜2+BT P˜) = 0 (4.4)
Equation (4.4) has a unique solution P˜≥ 0 that is a function of ε . The H2 optimal state
feedback law is then given as
u = F˜x =−(D˜T2 D˜2)−1(D˜T2 C˜2+BT P˜)x (4.5)
A suitably small ε will ensure that Tzw has the property ‖Tzw‖2 −→ γ∗2 , as ε −→ 0,
where γ∗2 is the infimum of ‖Tzw‖2 for all proper controllers.
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The selection of ε should be arbitrary according to the needs of the different situations.
A smaller ε will get performance closer to the optimal one. However, this will lead to a
higher resulting gain. So a trade-off should be made between the performance and the
gain of the control system. For the CWA project ε = 0.01 is enough to satisfy the needs
of uncertainty tolerance. The positive matrix P˜ and the feedback control matrix F˜ can
be worked out by a special MATLAB linear system toolkit [76].
P˜ =

0.142 0 0.01 0
0 0.142 0 0.01
0.01 0 0.0014 0
0 0.01 0 0.0014

F˜ =
 −100 0 −14.2 0
0 −100 0 −14.2

In this way, we can obtain optimal parameters for F˜ = (−P,−D), where P = 100I2×2
and D = 14.2I2×2. This makes the influence of disturbances on the system as small as
possible.
4.3 The nonlinear form of EPC
The EPC with feedback linearization control approach is effective in following arbitrary
shapes of guide paths. However, the current EPC cannot deviate too far away from the
guide path in avoiding obstacles of large sizes because the maximal magnitude of the de-
viation is proportional to the magnitude of normal force. Cao [11] proposed a nonlinear
EPC with a polynomial function, and Ayoub [12] improved this EPC by introducing an
exponential decay function. Both controllers are based on Samson’s trajectory tracker
[9], which can have stability problems when transforming from the trajectory tracking
to the path following algorithm. The separation of controls about position and angle also
increases the complexity of the controller so, to integrate the advantages of both Brent’s
path planner and the nonlinear EPC, we propose to incorporate the nonlinear function
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into the developed EPC.
4.3.1 Drawback of the linear EPC
The general design criteria of the EPC for a CWA are [8]:
• The CWA can follow the pre-designed guide path when no external normal force
is applied to it. However, the EPC should enable the CWA to deviate from the
guide path when non-zero normal force is imposed through an HMI. The distance
of deviation is a monotonic increasing function of the value of normal force.
• The EPC is activated only when the input given by the operator is above a certain
threshold so as to avoid undesired deviation from the guide path.
• The ability to deviate from the guide path decreases with increase of the deviation
distance so the user can feel the negative gradient of attraction from the guide
path.
• The EPC is not specified with an upper limit of deviation so the CWA can deviate
a large distance to avoid large obstacles.
The EPC described in Chapter 3 conforms to all the criteria except the last; it works well
within limited distances but it cannot make the wheelchair move infinitely away from
the guide path. The magnitude of Fγ in the steady state is proportional to that of l, while
the magnitude of steady state l is also a monotonic increasing function of that of F⊥
[66]. Thus, it is impossible for the human user to provide input force enough to avoid
obstacles of unlimited large size on the guide path. In practical application, however,
we hope to drive the wheelchair to deviate arbitrarily as far away from the guide path as
might be necessary in any situation. Figure 4.2 provides an illustration. The CWA can
deviate from the guide path sd to avoid the rectangular obstacles. The shortest path to
avoid obstacles A, B and C is sA, sB and sC, respectively, and the length of the shortest
path extends with increases in the size of obstacle. Thus, it is necessary to design an
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EPC which can limit the magnitude of restoring force Fγ so that a normal force F⊥ with
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Figure 4.2: Shortest path of a wheelchair to avoid obstacles of different sizes
4.3.2 Nonlinear EPC
The basic idea of the nonlinear EPC is to make the restoring force be a monotonic
function of distance while still restricting it within a limited value; the wheelchair will
break away from the guide path easily if the applied normal force is larger than that






where y is the distance between the current actual position of the wheelchair and the





is the restoring force, which is a nonlinear function of the position error
y.
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The controller takes advantage of the characteristics of nonlinear function that the slope
of the function decreases when y is larger than the inflexion point, which decreases the
restoring force so as to make the CWA deviate farther away from the guide path. The
stability is also proved by the Lyapunov Function method, as seen in [11].
However, simulation experiments show that the controller has a singularity problem
[12], so this kind of EPC is improved by substituting the nonlinear function with an
exponential decay function, and the form of control input is given as
u =−(Fm−T )(1− e−δy)−T − kvyy′−F⊥, (4.7)
where Fm is the maximum value of the applied input force and T is the threshold of the
applied input force below which the trajectory will not be deformed. Equation (4.7) is
based on an exponential decay function. The restoring force is expressed as
Fγ = (Fm−T )(1− e−δy)+T + kvyy′ (4.8)
In the steady state, the first derivative of the distance is: y
′
= 0, so the restoring force
is reduced to Fγ = (Fm−T )(1− e−δy)+T . The curve of the restoring force is shown
in Figure 4.3. The maximum value of the restoring force is set as Fm = 10N, and the
threshold is T = 1. The value of Fγ is a monotonic increasing function with respect to
y, and it asymptotically approaches Fm. In the steady state, the first derivative item is
y
′
= 0, so it can be deduced from equation (4.7) that u → (−Fm−F⊥) when y → ∞.
It is possible to let the wheelchair deviate from the guide path as far as we want if the
direction of F⊥ is opposite to that of Fm and ‖F⊥‖> Fm.
However, the control input of EPC is a function with respect to the scalar y, not the 2D
vector l, so the control input should make some modifications so that the good geometric
characteristics of the nonlinear function can be incorporated into the developed EPC. In
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Figure 4.3: Relationship between steady state restoring force and position error
addition, previous works only took straight lines as the guide paths. This section will
consider some curves as the guide paths.
The control law of the new nonlinear EPC is given as
u =−((Fm−T )(1− e−‖l‖)+T ) l‖l‖ −Dl
′
+F⊥,‖l‖ 6= 0 (4.9)
u =−Dl ′+F⊥,‖l‖= 0, (4.10)
where the vector l‖l‖ is a normalized form of the position error that represents the di-
rection of l. The signs “-” and “+” are added before the restoring force and the normal
force, respectively, so the effect of the two forces are in opposite directions. The control
input u must remain continuous in the vicinity of 0 in equations (4.9) and (4.10), so the
equation (4.9) can be modified as
u =−((Fm−T )(1− e−‖l‖)+T ) l‖l‖ −Dl
′
+F⊥,‖l‖ ≥ ts (4.11)
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u =−((Fm−T )(1− e−‖l‖)+T ) lts −Dl
′
+F⊥,0 < ‖l‖ < ts, (4.12)
where ts is a positive value of the threshold below which the magnitude of the direction
item lts is proportional to the value of ‖l‖.
Equations (4.11) and (4.12) show that the direction of restoring force Fγ is always oppo-
site to that of position error l in the steady state, which ensures that the restoring force
can always counteract the deviation of the wheelchair from the guide path.
4.3.3 Algorithm to search for the nearest point on the guide path
For a linear EPC, the path following control algorithm can find the point in the guide
path which is nearest to the corresponding position in the actual path because the algo-
rithm can work out with high accuracy the point that will ensure that the position error l
is perpendicular to Td . For a nonlinear EPC, however, the situation becomes more com-
plex. The current desired position that is calculated by the previous control algorithm
may not be the perpendicular projection of the actual position in the guide path if the
guide path varies its curvature sharply. The reason for this occurrence may be that the
nonlinearity of the EPC makes it difficult for the desired point to follow the perpendic-
ular projection of the actual point, and the discrepancy of these two points leads to the
uncertainty in the trace of desired points.
Two remedies may solve this problem. In the first the algorithm sets the desired position
to be perpendicular to the actual position for, for example, every 100 sampling points.
In the second method illustrated in Figure 4.4, we can calculate the normal angle α ,
the angular difference between the position error and desired tangent. α is the normal
angle because, ideally, it should be 90◦. We set an angle value near to 90◦, e.g., 80◦, as
the threshold of that normal angle and reset the desired position if the normal angle is
smaller than that threshold (in which case the position error is not notably perpendicular
to the guide path). Thus, the current desired point moves from Rd to Rd1 in Figure 4.4.
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This second approach is deemed to be better than the former one since the nearest point
is checked for every sampling period in the latter.
Figure 4.4: The desired point is reset if the normal angle is smaller than the threshold
4.3.4 Simulation for the nonlinear EPC
Simulation experiments were conducted to verify the performance of the newly devel-
oped nonlinear EPC. The maximum value and threshold of the restoring force are set as
8N and 1N, respectively. The maximum value of the normal force that can be generated
by the FT sensor is 10N. Experiments include arbitrary deviation of the CWA from
the guide path and automatic searching for the nearest desired point corresponding to
the current actual position of the CWA. The nonlinear EPC is able to deviate far away
from the guide path when required to avoid large obstacles. As shown in Figure 4.5,
the wheelchair deviates farther away from the guide path when the normal force keeps
increasing. The normal force can overcome the restraint of the restoring force and drive
the wheelchair forward no matter how far away from the guide path when ‖F⊥‖> Fm.
When the position error is obviously not perpendicular to the desired tangent, the pro-
posed control algorithm can automatically search for the point on the guide path that
is nearest to the current actual point and take it as the new desired point. As shown in
Figure 4.6, the algorithm is able to find the real-time shortest position error when the
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Figure 4.5: The nonlinear EPC can break far away from the guide path
wheelchair moves from starting point A to point B. Then the wheelchair deviates farther
away from the guide path and α , the angular difference between position error l and
desired tangent Td , gradually deviates from 90◦. α < 80◦ when the wheelchair reaches
point R, so the algorithm begins to search the guide path for the nearest point to R. The
old desired point Rd is substituted for by the new nearest point Rd1. Later, the angular
difference α is always within the tolerable scope and the algorithm does not need to
search for the nearest point any more. The CWA asymptotically approaches the guide
path with decrease or withdrawal of the normal force until the wheelchair gets to the end
point E.
The simulation experiment about comparison of nonlinear EPC with linear EPC is
shown in Figure 4.7. In the lower subfigure, the solid curve represents the actual path
of linear EPC, and the dashed curve represents the actual path of nonlinear EPC. The
nonlinear EPC can drive the CWA to deviate no matter how away from the guide path
if the perpendicular joystick input keeps at 10N. In comparison, linear EPC can only
drive the CWA to deviate at most 12m from the guide path. However, Figure 4.7 also
indicated that the linear EPC reacts faster to the perpendicular joystick input than the
nonlinear EPC does.
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Figure 4.6: The control algorithm can automatically search for the nearest point on the
guide path as the current desired point when angular difference α is beyond the tolerable
scope.
4.4 Summary of the chapter
In this chapter, the control performance of the CWA is improved in two aspects: param-
eter optimization and nonlinear EPC.
The parameters of the controller are optimized using the robust control technique. It is
shown that the optimized parameters can effectively restrain the influence of the equiv-
alent disturbance on the CWA control system.
The nonlinear form of EPC is adopted to drive the CWA to avoid the environmental
obstacles of any sizes. The nonlinear fulfills all the fundamental functions of linear
EPC, such as path following, obstacle avoidance, singularity handling. Nonlinear EPC
can drive the CWA to deviate no matter how far away from the guide path, while linear
EPC can only deviate limited distance from the guide path.
To prevent that the calculated desired position deviates too much from the perpendicular
projection of the actual position, a special algorithm is used to search for the nearest
point on the guide path when the normal angle is beyond the tolerable scope. It is shown
that the new algorithm can maintain the stability of the system with nonlinear EPC.
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Comparison of Nonlinear EPC with Linear EPC










Figure 4.7: Simulation for comparison of the nonlinear EPC with linear EPC
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Chapter 5
CWA with force feedback joystick
5.1 Introduction
Chapter 3 has proposed and conducted experiments using two kinds of command input
devices as the HMIs for the CWA project.
The FT sensor enables the users to feel the magnitude of the applied force, but the feed-
back information about how far away the CWA deviates from the guide path and the
position displacement of the sensor stick cannot be felt by the users. The PSJ obviously
shows the users the position displacement of the sensor stick, but the feedback informa-
tion about environmental obstacles and the deviation of the CWA from the guide path
are still not felt by the users.
This chapter addresses this problem by introducing a force feedback joystick (FFJ) as
the HMI, which can take on all the functionalities of FT sensor and PSJ and greatly assist
the motion guidance of the CWA. The incorporation of FFJ can also provide the users
with the feedback information about the environmental obstacles as well as deviation of
the CWA from the guide path.
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5.2 Application of FFJ
In chapter 3, the joystick employed in the real-time CWA experiments has been an
ordinary PSJ used only for motion control of the wheelchair, but little attention has been
paid thus far to the feedback information. The EPC depends fully on human operators to
perceive the environmental information and make decisions about mobility tasks, such
as how much the CWA must deviate from the guide path to avoid an obstacle. However,
as the guide path is virtual, it is not easy to determine how far from the guide path
the CWA is. It is thus useful to have a joystick that can provide feedback information
about how much the CWA has deviated from the guide path. In addition, the feedback
information about the environmental obstacles can also assist the users in identifying
correctly the situation and drive the CWA to avoid obstacles effectively.
The control of CWA can be taken as a shared control, which fulfills the motion control
task by combining the human operators with the controller [51]. The disadvantage of
the traditional shared control is that the user cannot set the actual speed, position and
direction of the wheelchair, which may disrupt the user. FFJs are expected to solve these
problems in virtual [77], unstructured [78] or known environments [79] [80] [81] [82].
Besides working as a force input device, the FFJ enables the user to feel the repulsive
force which reflects the obstacle information in the environment, as well as the deviation
of the wheelchair from the guide path. Thus, it is especially important for people with
vision impairment so they can perceive the world and feel at home interacting with it.
As shown in Figure 5.1, the FFJ not only fulfills the motion control task of the CWA as
a common PSJ does, it also implements the force feedback functionality. On the motion
control side, the user pushes the joystick, and the output signals control the mobility
task of the CWA. On the force feedback side, the path controller of the wheelchair
generates a feedback force, which reflects the current status of the wheelchair as well as
the environmental information. This feedback force is sent back to the joystick so the
user can feel the repulsion and push the joystick to control the wheelchair by following
the repulsion of the feedback force.
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The input-output signals in the FFJ are different from those of a common PSJ. For
an ordinary PSJ, the input of the joystick is the position deviation of its handle to the
central position of the pedestal, and the outputs are two voltages, which represent two
orthogonal force elements: Parallel force Fx and Perpendicular force Fy. For an FFJ,
however, the input is comprised of two kinds of signal sources. One is the position
deviation of the handle and another is the feedback force consisting of two orthogonal
elements: parallel element FFx and perpendicular element FFy. The output of the FFJ
is the same as that of a PSJ.
Figure 5.1: Wheelchair mobility control using the FFJ
5.3 Hardware
5.3.1 Overall system configuration
The CWA with an FFJ as its force input device is shown in Figure 5.2. The FFJ used
in the CWA project is the Microsoft Sidewinder Force Feedback 2. The server-client
computer communication system is linked to the original EPC controlled CWA. The
server and client notebooks are connected by the linking cable, a data transmission line
shown in blue. The server notebook is linked to the mobile base of the CWA, which
is originally controlled by an ordinary PSJ. The client notebook is connected to the
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FFJ, so the CWA may be controlled by two sources of joysticks: a common PSJ linked
directly and an FFJ linked indirectly through the client-server communication network.
When the FFJ is activated, the common PSJ should be disabled and replaced by the FFJ
beforehand, which is realized by using the output of the FFJ to overwrite the data from







Figure 5.2: The overall CWA system for server-client communications
5.3.2 FFJ used in the CWA
The structure of the overall CWA system using the FFJ is shown in Figure 5.3. The
position information of the wheelchair is read by the two encoders mounted on the axes
of the rear wheels. The existence of obstacles is detected by the ultrasonic range sensors
and transformed into Obstacle Force (OF) by the OF Algorithm. The 2D position signal
of the FFJ pushed by the human operator is detected by the sensor installed inside the
joystick base and transformed into force by software. All three channels of information
are sent to the EPC to calculate the control force and the feedback force. The resultant
control force is used to control the dynamic characteristics of the wheelchair and the
feedback force is sent back to the joystick so the human user can feel the state of the
environment and of the deviation of the CWA from the guide path.
























Figure 5.3: Overall system structure of the CWA control system
The flow chart of the CWA with FFJ is shown in Figure 5.4. After initialization of the
CWA system, the encoders in the wheelchair read the data of the wheelchair position
and calculate the restoring force. Next, the perpendicular element of the joystick input
is transformed to the normal force. These two forces are added together to get the control
input of the dynamic control system.
Then range sensors read the environmental data, and the OF algorithm calculates the
OF if some obstacles are found in the security region of the wheelchair. The path error
force and OF are added together to generate the feedback force that allows users to feel
the repulsion which reflects the obstacles as well as deviation from the guide path. The
mobility task is terminated if the CWA reaches the target.
5.3.3 Server-client communication system in the CWA
The ordinary PSJ in the CWA is driven by software running on the platform of Linux
RTAI. However, the OS to run the FFJ program is Windows, and currently there is no
driver available for the FFJ in the Linux RTAI. Thus, a way to realize the communi-
cations functionality between two PCs with the Windows and Linux RTAI systems is
needed. As shown in Figure 5.5, the FFJ is attached to a notebook with Windows XP,
which works as a client. The CWA is connected to a notebook installed with the Linux

































Figure 5.4: Flow chart of the CWA control mode with FFJ
RTAI system, which works as a server.
The server executes the low level motion control task of the CWA, including PD control
of the position error, odometry of the position, display of the CWA’s status, computing
the feedback force, and so on. The client fulfills GUI and joystick control tasks, includ-
ing reading the joystick positions and presenting users with feedback force in GUI.
The server-client communication works bi-directionally, with the server sending out the
feedback force and receiving the joystick force, while the client sends the joystick force
and receives the feedback force. The server and client must be synchronized so the data




Figure 5.5: Communications between Windows and Linux RTAI systems
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The server and client in the CWA control system implement their communications
through the wired network by the TCP/IP protocol, which is a set of communications
protocols that execute the protocol stack on which the Internet operates. TCP/IP is
named after two of its most important protocols: Transmission Control Protocol (TCP)
and Internet Protocol (IP) [83]. The TCP/IP suite can be thought of a set of layers, each
solving a series of problems related to the transmission of data, providing support to
the upper layer, and obtaining support from the lower layers. These days, the TCP/IP
stack is included and installed in most commercial OS such as Linux and Windows, so
ordinary users working in these systems don’t need to look for the implementations of
the communications protocols.
In this application of CWA, the main work to be done is to open a socket, connect it
to the host, and read/write data. The programming steps for the server in Linux RTAI
system are: 1©. open a socket; 2©. connect the socket to the host using the IP address
and port number; 3©. read joystick force from the joystick and write feedback force to
the joystick. On the client side of the Windows system, data are read from and written
to the joystick in a periodic loop. The main programming steps are: 1©. open the socket;
2©. connect the socket to the server; 3©. read feedback force from/write joystick force
to the socket.
A. Server side: Linux RTAI
The server computer with the Linux RTAI OS is responsible for the main part of the
CWA’s motion control task. The two odometers mounted on the axis of the rear wheels
measure the displacements of the rear wheels’ centers. The measured data are trans-
formed to 2D actual position of the CWA, and the EPC algorithm finds the correspond-
ing nearest point on the guide path as the current desired position. The restoring force is
also calculated using the PD feedback control, and the normal force, which is obtained
from the joystick in the client side, is also incorporated to calculate the control input.
The actual curvature and second derivative of the desired path length are also worked
out, and the status of the CWA is renewed by two steps of integration and then displayed
on the GUI screen. When obstacles are found in the security region of the CWA, the OF
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is also calculated and added to the path error force to get the feedback force, which is
sent to the client side through the network. The parallel element of the joystick output
is used to decide the translation velocity of the CWA.
B. Client side: Windows
The client computer with the Windows OS is mainly responsible for sending the joystick
force to the server, receiving the feedback force coming from the server, and display-
ing force information on the GUI screen. The FFJ used in the CWA is the Microsoft
Sidewinder Force Feedback 2, for which the original GUI and coordinate system are
shown as Figure 5.6. The maximal digital values of joystick output in X and Y axes are
Xmax = Ymax = 1000, respectively, as shown in Figure 5.6 (a). The top position of the
joystick handle is denoted as a dark dot in the square Force Feedback Window (FFW).
The joystick output F corresponds to the dark dot, as shown in Figure 5.6 (b). The feed-
back force FFB always counteracts the position deviation of the joystick with respect to
its central position. FFB originates from the dark dot, points to the center of the FFW,











Figure 5.6: The original GUI and coordinate system of the FFJ
C. Communications between the server and client notebooks
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The main issues in the server-client communications are the coordinate and scaling
match and establishment of a connection.
The scaling match is needed to make the digital values of the joystick output match the
analog values of voltages used to control the CWA. The joystick coordinates in GUI
should also be transferred to the form that is compliant to the driving and viewing habits
of the wheelchair users. Figure 5.6 (b) shows that the positive direction of the Y axis
is downward, and the positive direction of the X axis is to the right, which is different
from the directions of the PSJ joystick coordinate system in the CWA. To comply with
the driving habits of wheelchairs users and to make the driving force compatible with
the control force in EPC, the directions of the joystick output elements are changed
and multiplied by factors before being sent out as the control force of the EPC. The
parallel and perpendicular elements of control force of the EPC on the side of server
are Fx = − FYYmax Fmax and Fy = −
FX
Xmax
Fmax, where Fmax = 2.5 is the maximal value of the
normal force in the CWA motion control.
The analogous values for the feedback force transmitting from the server to the client
should be transformed conversely into digital forms. The reversed transformation equa-
tions are FY =−YmaxFmax FFx and FX =−
Xmax
Fmax
FFy. The feedback force FFB = (FFx,FFy) is
displayed as the gray dot in the FFW of the GUI on the client side. Both the joystick
output force and the feedback force are displayed in the FFW. The corresponding values
are dynamically displayed in their right-hand sides accordingly. The maximum values
of the force elements are all 2.5. In the real-time application, the joystick output is not
necessarily used to counteract the effect of the feedback force. As shown in Figure 5.7,
the dark dot is not in the same position as the gray dot.
Before the TCP/IP protocol is employed to transmit data between two hosts, a connec-
tion should be established reliably and stably between these devices [84]. This connec-
tion setup process accomplishes several tasks as it creates a connection appropriate to
data exchange: Contact and Communication, Synchronization and Acknowledgment,
Three-Way Handshake.
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Figure 5.7: Modified GUI and Coordinate system of the FFJ
Then the client contacts and establishes the communications with the server and they
exchange data continuously. After the test programs pass the check and run normally,
transfer and integrate the server-client communication system into the wheelchair project.
The client can send the FFJ output data to the server to control the CWA’s mobility task,
and the server transmits the feedback force data back to the client to show the users the
environmental obstacle information and the deviation status of the CWA relative to the
guide path.
5.4 Dynamic model of EPC
The dynamic model of the EPC with FFJ is shown in Figure 5.8. Like the common EPC,
the path controller of the wheelchair is subjected to two forces: the restoring force Fγ
and the normal force F⊥, so the dynamic characteristics of the EPC are retained.
One input of the FFJ is the position deviation of the handle from the central position of
its base. This position deviation is pushed by the user and generates two voltages that
reflect the parallel and perpendicular elements of the position deviation, respectively.
These two voltages are transformed to the force F with tangent element F‖ to control the
translation speed of the wheelchair, and the normal element F⊥ to control the deviation
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of the wheelchair from the guide path.
Another input of the joystick is the feedback force FFB, which is also composed of two
forces. The first is the path error force, which is proportional to the position error:
Fpe = Pl; since the positive definite diagonal matrix P = pI, vector Fpe is p times of l.
The other force is the obstacle force Fob, which is caused by the obstacle Γ, calculated
by a specific algorithm (see Section 5.4.1). Thus, the feedback force can be expressed
as FFB = Fpe+Fob.
The feedback force FFB does not intervene directly with the mobility task of the wheelchair.
The joystick output F is related only to the position of the handle relative to the central
position of the joystick base and is not necessarily related to the feedback. However,
FFB makes the user feel the repulsion coming from the obstacles as well as the deviation
of the wheelchair from the guide path. The user usually needs to adjust his or her joy-
stick output to counteract the effect of the repulsion, but the user can overrule the effect
of the repulsion and stick to the previous operation strategies, meaning that the mobility
task of the wheelchair is still under the full control of the user. The only difference be-
tween the EPC with FFJ and the pure EPC is that, the user usually behaves in response
to the repulsion of the feedback force so the wheelchair’s behaviors may also change
accordingly by using the FFJ.
5.4.1 Obstacle force algorithm
Obstacles in the environment can be detected by 24 ultrasonic range sensors S1˜S24,
which are evenly distributed around the wheelchair, as shown in Figure 5.9. The angle
between any two neighboring sensors with respect to the Vehicle Center Point (VCP) is
15◦. The range sensors are employed to assist the wheelchair in detecting and avoiding
potentially dangerous obstacles in the environment.
The obstacle force (OF) comes from the obstacle and is imposed on the joystick as part
of the feedback force. The OF is determined by the nearest distance between the obstacle
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Figure 5.8: Dynamic model of the EPC with FFJ
and the centre of the wheelchair through a curve called the “Hybrid Hyperbola”.
A circle with specific radius rs centered at the VCP is defined as the Security Region
of the wheelchair, as shown in Figure 5.10. A wheelchair is considered to be in danger
if any obstacle is detected within the security region. As shown in Figure 5.10, each
circle centered at each VCP is a security region. The upper state of the wheelchair is
dangerous because the distance between the obstacle and the wheelchair d < rs. An OF
Fob, which is along the distance vector, is imposed on the VCP. The lower state of the
wheelchair in the figure is in critical safety because the distance d = rs.
Traditional algorithms usually applied the concept of “Histogram Grid” [85] or “Force
Reflective Feedback” [79] to calculate the OF. To simplify the algorithm and focus on
studies of the principles of feedback, we propose the concept of “Hybrid Hyperbola” to
calculate the OF, which is determined by the distance of the nearest obstacle from the
CWA.
The OF Fob is a monotonic decreasing function of the distance d. Three kinds of curves
are taken into consideration as candidates for the force-distance relationship curve.
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Figure 5.9: Distribution map of ultrasonic sensors around the wheelchair
Linear relationship
The simplest method to determine the relationship between the wheelchair and an ob-
stacle may be by a straight line. As shown in Figure 5.11, the magnitude of Fob is
determined by the equation:
‖Fob‖= a−bd, (5.1)
where a and b are positive constants. a is the nominal value of the largest possible OF





The value of ‖Fob‖ is a monotonic decreasing function of d that is linear to −d. The
largest magnitude of the OF is obtained as a when d = 0, that is, when the VCP is
reached by the obstacle. (This magnitude is not usually applicable since no obstacles
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Figure 5.10: Generation of an OF with an obstacle around the wheelchair
would occupy the center of the wheelchair.) The force is of zero value when d = rs, that
is, when the obstacle is tangent to the circle outlining the security region. However, this
distance may not prevent the wheelchair from colliding with the obstacle because the
limited value of OF is not large enough to overcome the inertia of the wheelchair and
avoid collision with the obstacle.
Hyperbola with limitation of maximal force
An alternate approach is to employ the hyperbola as the force-distance relationship
curve. As shown in Figure 5.12(a), the force-distance relationship is expressed as:
d‖Fob‖= a (5.3)
The OF is the monotonic decreasing function of d, which approaches infinity when
d → 0. However, the large obstacle force exists only when d is very small, which may
be impractical because the obstacle cannot be too near to the wheelchair. Thus, the re-
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Figure 5.11: Relationship between ‖Fob‖ and d, expressed as a straight line
lationship curve should be modified, as shown in Figure 5.12(b). The hyperbola moves
along the horizontal coordinate by ‖OA‖+ ‖AC‖, where Lw = ‖OA‖ is the effective
length of the wheelchair and Cr = ‖AC‖ is the clearance, the minimally permitted dis-
tance between the obstacle and the wheelchair. In addition, the curve should also move
along the Fob axis by a value of −F0, where F0 is the value of OF when d = rs, that
is, (rs−Lw−Cr)F0 = a in order to avoid the drastic jump at the border of the security
region. Moreover, the magnitude of the obstacle cannot exceed its upper limitation Fmax,
because the experiment results indicate that it is very difficult to control the wheelchair
when the OF jerks too drastically, as it reaches a very large value with a small varia-
tion between the distance and the smallest distance permitted. The modified version of
force-distance relationship is given as
 Fob = ad−Lw−Cr − ars−Lw−Cr ,Hmin ≤ d ≤ rsFob = Fmax,Lw < d ≤ Hmin (5.4)
where Hmin = ‖OD‖ is the minimum value of distance in the hyperbola.
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Figure 5.12: Relationship between the OF and the distance expressed as a hyperbola
Hybrid of hyperbola and straight line with limitation of maximal force
Figure 5.12(b) shows that the OF decreases with the increase in distance in the range
of [Hmin,rs], is unchanged in the range of (Lw,Hmin), and has zero value when d > rs.
The distance is prohibited in the range of [0,Lw], where the obstacle collides with the
wheelchair.
However, the wheelchair’s motion path easily oscillates in the real time experiments,
easily leading to a collision because the user usually has inadequate time to avoid the
obstacles after he or she feels the repulsion from the obstacles. This may be because the
force and its variation are very small and cannot be felt by the user when the wheelchair
is far away from the obstacle, while the force variation is too sharp at the small-distance
segment of the hyperbola curve that is near to point C. Therefore, the small OF hardly
influences on the driving behavior of the user at the beginning, when the environmental
obstacle enters the security region of the wheelchair, but once the user feels the repulsion
from the obstacle, it may be too late to get away from the obstacle.
Two possible solutions may address this problem: increase the parameter a so that the
user can feel the obstacle repulsion and take measures to counteract it earlier, even
when the distance is still relatively large; or incorporate a segment of straight line into
the hyperbola curve at the large-distance segment, as shown in Figure 5.13. The curve
NATIONAL UNIVERSITY OF SINGAPORE SINGAPORE
5.4 Dynamic model of EPC 96
segment between D and B is a hyperbola and the one between B and E is a straight line,
and the goal of this design is to keep the characteristics of a large slope of the hyperbola
in the small-distance segment and to increase the value of slope by substituting a straight
line for the hyperbola in the large-distance segment. The primary concern lies in the
juncture between these two segments; if the distance at the juncture is too small, the
slope of the straight line is very large so the performance improvement is limited; if the
distance at the juncture is too large, the slope of the straight line is very small and the
modification is meaningless. Thus, the juncture issue should be discussed in detail if






Figure 5.13: Modification of the force-distance relationship using a hybrid curve
If we assume that Hmax = ‖OB‖ and Hmin = ‖OD‖ is the maximum and minimum values
of the distance in the segment of hyperbola, F0 is the distance that the original hyperbola
displaces along the axis of the obstacle force, and k is the slope of the straight line
segment with a negative value, the parameters Fmax, Cr, Hmax and k are determined by
the designer, while a, F0 and Hmin are calculated by the constraint condition of the hybrid
curve. Since the point B is the juncture of the hyperbola and the straight line, it fits for
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expressions of two curves given as:
 FHmax = aHmax−Lw−Cr +F0k = FHmax−0Hmax−rs (5.5)
The slopes of the two curves should also be the same to ensure the smoothness and








d in the equation set (5.6) is substituted by Hmax in (5.5) to work out the value of a:
a = k(Hmax−Lw−Cr)2.
Substituting the value of a into (5.5) gives: F0 = k(Lw+Cr− rs). Since point D is also a
juncture of the hyperbola and the horizontal line with the maximum value of force, the







A series of psychophysical experiments are designed to investigate whether the function-
ality of feedback can help the users, especially those with serious vision impairment, to
improve the performance of obstacle avoidance during the CWA’s mobility task, and
how it helps the users to achieve this goal. Two cases are considered in this test: per-
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pendicular motion toward a wall (Case 1) and obstacle avoidance (Case 2). Six human
subjects with no prior experiences with the CWA and without known motor disabilities
participated in these experiments. The subjects were first instructed and trained to drive
the CWA. Then they were asked to do 5 trials for each of the 4 types of experiments
consecutively.
1© without vision feedback, without force feedback (Ty1);
2© without vision feedback, with force feedback (Ty2);
3© with vision feedback, without force feedback (Ty3);
4© with vision feedback, with force feedback (Ty4).
The GUI and experimental data of each trial were stored in the computer for later anal-
ysis. After the subject finished all the experiments, he or she filled out a questionnaire.
The whole procedure of experiments took about 130 minutes.
5.5.1 Training and instruction
This step lets the subjects know about the project and makes them familiar with how to
drive the CWA.
The subjects were firstly given fundamental knowledge about the project and the related
basic concepts such as CWA, EPC, GUI, FM, CM, EM, and force feedback.
Next, the subjects were trained to set the initialization in the GUI and to drive the CWA
using the three control modes: FM, CM and EM. The modified GUI for these experi-
ments is shown in Figure 5.14. In the lower central part of this figure are three cases:
“0” represents the training stage (Case 0), “1” represents Case 1 and “2” represents Case
2. For Case 0, the subjects can select one of the three control modes in the upper right
part of the GUI. For Case 1 and Case 2, however, the control mode has been integrated
into the related case. The “Feedback” button is pressed to gain the feedback force in the
motion procedure.
NATIONAL UNIVERSITY OF SINGAPORE SINGAPORE
5.5 Experiments 99
Figure 5.14: GUI for the psychophysical experiments in two typical cases
The subjects exercised the settings of GUI and drove the CWA using the three control
modes freely. Then the feedback force was added to the joystick so the subjects could
feel the magnitude of feedback force.
After the training and instruction, the subjects were to do a series of experiments about
two cases: perpendicular motion toward a wall and avoidance of a circular obstacle. The
procedures and results of the experiments are addressed in Section 5.5.2 and 5.5.3.
5.5.2 Perpendicular motion toward a wall
Principle
The aim of this case is to verify that the feedback force through the joystick can assist
the user to approach the target without colliding with it. When the wheelchair moves
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perpendicularly toward a wall, the joystick will be affected by two feedback forces: the
OF FOB and the path error force Fpe, as shown in Figure 5.15. If the wheelchair is
on the guide path, Fpe is zero. FOB is increased when the wheelchair approaches the
wall. The human user must overcome these two feedback forces to go toward the wall.
Since the user’s force is always used to keep balance and counteract the feedback force,
the user’s force is increased accordingly when the wheelchair is nearer to the wall and
decreased when the wheelchair moves in the opposite direction of the wall. The OF
disappears when the distance between the wall and the wheelchair is larger than the
distance threshold. The user’s force or the joystick output FJ is not necessarily related








Figure 5.15: The wheelchair moves perpendicularly toward the wall
Procedure
A rectangular cardboard box is put on the ground in the guide path to represent a wall,
as shown in Figure 5.16 (a). The corresponding settings of GUI are shown in Figure
5.16 (b), where the purple rectangle represents the wall and the yellow line is the target
line of the CWA. The object of the trial is to get the front border of the CWA across
the target line without colliding with the “wall”. The GUI displays a pink line drawn
between the wall and the front of CWA when the trial is successful, and a short red line
drawn along the border of the wall when the CWA collides with the wall. Neither the
symbol for the wall nor that of the target line are visible in the GUI before the mobility
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task terminates. The “wall” is seen by the subjects in the real world during the motion









Figure 5.16: Experimental environment and GUI settings for Case 1
Five trials are conducted consecutively by each subject. Only the control mode of CM
is conducted for this step in order to reject the disturbance of the CWA’s oscillation. In
CM with feedback force, the user can feel the feedback force from the wall, but there
is no path error force because the CWA is always in the guide path. The subjects need
not select the control mode or set the initialization data because they have already been
integrated into the “Case” choosing box.
For the convenience of comparison with the vision assistance, 4 types of experiments
are designed and conducted consecutively in this case.
1© no vision, no force
The aim of this type of experiments (Ty1) is to be used as a reference for comparison
and to show by how much the CWA tends to fail to finish the mobility task without the
assistance of vision feedback or force feedback. The subjects are told beforehand the
accurate position of a wall in the front of the guide path. They are asked to close their
eyes so that they cannot see the environment or the GUI before the CWA moves forward.
At the same time, the “Feedback” button in the GUI is not clicked so that the function
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of force feedback is disabled. They drive the CWA and stop before the wall according
to where they think its position is. The experimental data are recorded and stored in a
folder for each of the 5 trials for future analysis.
2© no vision, with force
This type of experiments (Ty2) studies the approaching performance of the CWA by
way of the force feedback alone. The subjects are required to close their eyes before the
CWA moves forward so they cannot see the environmental obstacle or the GUI in the
computer before them. However, they can feel and react to the feedback force through
the joystick and adjust their motion strategies accordingly. When they feel that the
magnitude of the feedback force indicates that the target line has been passed and the
wall is near, they can stop the motion of the CWA. Then they open their eyes and click
the “Start/Stop” button, record related data and quit the GUI in each trial.
3© with vision, no force
This type of experiments (Ty3) investigates the approaching performance of the CWA by
way of vision feedback alone. The subjects can see the symbol of the CWA as well as the
guide path in the GUI. At the same time, they can see the cardboard box on the ground in
front of them, but they cannot feel the repulsion from the joystick because the feedback
functionality is disabled. When the CWA stops before the box, the “Start/Stop” button
is clicked and the GUI will display if the experiment is successful, target unreached, or
failure. The symbol of the obstacle can also be shown in the GUI for further analysis.
4© with vision, with force
This type of experiments (Ty4) tests if vision can further improve the approaching per-
formance of the CWA with the assistance of force feedback. The subjects can see the
symbol of CWA and the virtual guide path in the GUI and the cardboard box on the
ground in front of them. At the same tine, they can feel the repulsion from the joystick
because the functionality of force “Feedback” is activated. They are required to drive the
CWA to move along the guide path toward the wall and they must react to the feedback
force by adjusting the joystick position so that the CWA can change its motion speed
and direction accordingly. After the CWA stops before the box, the “Start/Stop” button
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Table 5.1: Shortest distance between the wall and the CWA
Type Mean SD Min Max
Ty1 0.6527 0.4385 0.0690 1.5030
Ty2 0.5420 0.1978 0.1870 1.2540
Ty3 0.2359 0.0707 0.1060 0.4000
Ty4 0.3811 0.1358 0.1640 0.6940
is clicked and the experimental data are stored in the computer for future analysis.
Results
The methods used to process the experimental data are:
1© For Ty1 experiments, how many hits occur out of all trials.
2© For all types, the mean, standard deviation, minimum and maximum of the distance
between the wall and the front border of the CWA are calculated.
Some abbreviations are:
Min: minimum value of the shortest distance in one type of experiments;
Max: maximum value of the shortest distance in one type of experiments;
SD: Standard deviation of all the shortest distances in one type of experiments.
1. Numbers of hits on the wall and untouched target lines
The results of all Ty1 trials are shown in Figure 5.17. Each row of the figure includes
5 trials for one subject. In 7 out of the 30 trials, the CWA collides with the wall, and
the CWA does not touch the target line in 14 out of the 30 trials. In comparison, only 3
out of 30 trials do not touch the target line and no trial collides with the wall in the Ty2
experiments. This indicates that it is very difficult for the subjects to finish the mobility
tasks successfully with neither vision nor force feedback as the assistive tool, and force
feedback can improve the mobility performance of the CWA greatly.
2. Shortest distance between the wall and the CWA
The statistical data of the shortest distance between the wall and the CWA are given in
Table 5.1.
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Figure 5.17: Results of all trials in Ty1 for Case 1
The normal probability distribution curve of the shortest distance is drawn in Figure
5.18. The straight line bar represents the border of the wall.
It is seen from Table 5.1 and Figure 5.18 that the SD of the shortest distance in Ty2
(0.1978) is significantly smaller that that in Ty1 (0.4385), which indicates that the force
feedback can greatly improve the approaching performance of the CWA to the wall. At
the same time, the SD in Ty2 is not much different from that in Ty4 (0.1358), demon-
strating that addition of vision on the force feedback does not improve the approaching
performance of CWA significantly. It is noted that the SD of Ty3 (0.0707) is much
smaller than that in Ty4. The possible reason is that the addition of force feedback to
the vision may disturb the user and make it more difficult to approach the wall than the
vision alone does.
In conclusion, force feedback is an effective tool to improve the approaching perfor-
mance of the CWA.
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Figure 5.18: Normal probability distribution of the shortest distance between the wall
and the CWA
5.5.3 Avoidance of an obstacle
Principle
This experiment is implemented to evaluate the CWA’s performance of obstacle avoid-
ance. When the user wants to move towards a round obstacle, he or she must overcome
the OF FOB, which is along the extending line of the radius of the obstacle if the center
of the circle is taken as the origin of the coordinate system. The distance between the
wheelchair and the surface of the obstacle is: d =
√
x2+ y2− r, where (x,y) is the posi-
tion of the wheelchair and r is the radius of the obstacle. When the wheelchair is closer
to the obstacle, d is smaller and the OF is larger, so the user must take more effort to
overcome the OF to move toward the obstacle. If the user wants to decrease the effect
of the OF, he or she must drive the wheelchair to move farther away from the obsta-
cle. When the distance is larger than the threshold, the OF disappears and the user’s
operation of the wheelchair is no longer influenced by the obstacle. The wheelchair can
detour from the obstacle if the guide path of the wheelchair penetrates the obstacle, as
shown in Figure 5.19. The dashed line is the guide path, the inner circle is the obstacle,
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and the outer circle is the threshold circle within which the wheelchair is subject to a
repulsion force that is along the extending line of its radius. The joystick outputs only
a parallel joystick force at point A. At point B, there will be a repulsion force from the
obstacle. The user must overcome the OF and drive the joystick handle to generate an
output that makes the wheelchair turn around to detour from the guide path, as shown
in the figure. Later, a restoring force is generated because of the position error at point
C and increases because the position error is increased in the motion period. The user
should overcome the resulting force of restoring force and OF to drive the wheelchair
forward. The actual path of the wheelchair may be like the dashed curve in the figure.













Figure 5.19: The wheelchair detours from an circular obstacle
The effort that the user takes to overcome the feedback force is not necessarily related
to the normal force F⊥; the OF plays the role of feedback only so the user can feel the
repulsion from the obstacle. The OF is not related to the wheelchair’s behaviors and
the CWA is still under full control by the users through the joystick output. When the
wheelchair is near an obstacle and it is subjected to a large OF, even though the joystick
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handle is kept in the central position and the normal force is zero, the user still must
make a large effort to maintain this state of balance and drive the wheelchair to move
toward the obstacle. The only way to decrease the effect of the obstacle force is to drive
the wheelchair to move in the direction opposite to the obstacle.
Procedure
This step is designed to determine whether the force feedback can improve the perfor-
mance of obstacle avoidance in the mobility task of the CWA. As shown in Figure 5.20,
a cylindrical trash bin is placed as an obstacle on the left-hand side of the guide path in
front of the subjects. The subjects are required to drive the CWA to avoid the obstacle
and then to get through two foam items representing a doorway on the ground on the
guide path. During the CWA’s motion procedure, the trial is regarded as a failure if the
CWA collides with the obstacle. If the CWA reaches the terminal of the guide path but
does not pass the “door”, the trial is regarded as target-unreached. Only when the CWA
passes through the “door” without colliding with the obstacle is the trial regarded as suc-
cessful. For the comparison with vision assistance, 4 types of experiments are designed
and conducted consecutively in this step.
1© no vision, no force (Ty1);
2© no vision, with force (Ty2);
3© with vision, no force (Ty3);
4© with vision, with force (Ty4).
Before all the experiments, the subjects are told the exact position of an obstacle on the
left-hand side of the guide path and a door at the terminal of the guide path, but the
obstacle and door cannot be seen by the subjects for the first two types of experiments.
In the experiments without vision, the subjects are required to close their eyes before
the CWA moves forward. In the experiments with vision, they can see the symbol of
the CWA and the virtual guide path in the GUI, and they can also see the real obstacle
on the ground on their left side. In the experiments with force feedback, they can feel







Figure 5.20: Experimental environment and GUI settings for Case 2
the repulsion from the joystick and can react to the effect of feedback force in the left-
hand and right-hand side directions, but they should overcome the feedback force in the
forward and backward directions so the CWA can keep moving forward until the target
is reached.
After each trial is finished, the “Start/Stop” button in the GUI is clicked and the obsta-
cle and door are displayed in the GUI. Then the experimental data are recoded in the
computer for future analysis.
Results
The methods used to process the experimental data are:
1© For Ty1, the figures of the motion trajectories will be displayed so we know the de-
tailed trajectory of the CWA’s motion and the possible reasons for the CWA’s collision
with the obstacle.
2© For other types, we calculate the minimum distance between the obstacle and the
CWA for each trial, and calculate the mean, minimum, maximum and standard devia-
tion of that distance.
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Table 5.2: Shortest distance between the obstacle and the CWA
Type Mean SD Min Max
Ty1 0.4408 0.5639 0.0080 2.6200
Ty2 0.5914 0.1995 0.2404 0.9588
Ty3 0.5058 0.1596 0.2521 0.8499
Ty4 0.7329 0.1361 0.4871 1.0385
1. Results of the Ty1 trials
The results of Ty1 for all the 30 trials are shown in Figure 5.21. Each row includes
10 trials for 2 subjects. For the experiments of Ty1, it is seen that 17 out of 30 trials
collide with the obstacle. In comparison, no trial of Ty2 experiments collides with the
obstacle. This indicates that the feedback force can effectively guide the CWA to avoid
the obstacles around the guide path.
Figure 5.21: Results of all trial in Ty1 for Case 2
2. Shortest distance between the obstacle and the CWA
The statistical data of the shortest distance for all trials are listed in Table 5.2.
The normal probability distribution curve of the shortest distance is drawn in Figure
5.22.
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Figure 5.22: Shortest distance between the circular obstacle and the CWA
The SD of the shortest distance in Ty1 (0.5639) is significantly larger than that in Ty2
(0.1995), which shows that the force feedback alone can markedly improve the obstacle
avoidance performance of the CWA. The SD of the shortest distance in Ty2 is not clearly
different from that in Ty4 (0.1361), which indicates that addition of vision functionality
does not improve the performance of the CWA significantly.
The statistical numbers of oscillations for all 6 subjects are shown in Table 5.3. The
TTEST2 results of the number of oscillations are given in Table 5.4. Table 5.3 and
Table 5.4 show that the mean value of oscillations in Ty2 is not significantly different
from that in Ty3 (p > 0.3275). Thus, the force feedback alone does not cause more
oscillations of the CWA’s motion path than vision feedback alone does. In addition, the
mean value of the number of oscillations in Ty4 (2.4) is notably smaller than those in
Ty2 (3.0) and Ty3 (3.3). This is verified by the TTEST2 results shown in Table 5.4,
where the mean value in Ty4 is significantly smaller than that in Ty2 (p < 0.036) and
Ty3 (p< 0.0061). This indicates that the vision feedback combined with force feedback
can greatly decrease the oscillations of the CWA’s motion path.
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Table 5.3: Statistical number of oscillations for all subjects
Type Mean SD Min Max
Ty2 3.0 1.0828 1 5
Ty3 3.3 1.2635 1 6
Ty4 2.4 1.4288 1 7
Table 5.4: TTEST2 results of the numbers of oscillations
Ty2 = Ty3 Ty4 < Ty2 Ty4 < Ty3
p > 0.3275 p < 0.036 p < 0.0061
5.5.4 Questionnaire
After each subject finished all the experiments, he or she filled out a questionnaire about
the functionality of force feedback in comparison with vision feedback as the assistive
tool for collision avoidance in the CWA’s mobility task. The questionnaire is used to
complement the evaluation of the experiments and give a qualitative assessment of the
performance of the FFJ. The content of the questionnaire is listed as Appendix B.
The number of subjects selecting a particular answer choice is listed in Table 5.5. The
first row lists the question number and the first column lists the choices. The entries in
the table give the number of subjects who selected that particular choice for the ques-
tions.
Table 5.5: Number of subjects selecting a particular choice
```````````````Choices
Question No
2 3 4 5 6
A 3 2 2 0 0
B 3 3 4 1 4
C 0 1 0 4 1
D 0 0 0 0 1
E 0 0 0 1 0
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According to Table 5.5, 3 subjects strongly agreed and other 3 agreed that force feedback
is an effective tool to avoid obstacles. In comparison, 2 subjects thought the vision is
very effective and other 1 thought it average in obstacle avoidance.
The results showed that the force feedback as well as vision feedback is an effective tool
to avoid the obstacles.
1 subject felt high effort, 4 felt average effort and 1 felt negligible effort taken by using
vision as assistive tool. In comparison, 4 subjects felt high effort, 1 felt average effort
and 1 felt low effort taken by using force feedback as assistive tool. This indicated that
subjects need to take slightly higher effort to drive the CWA for the obstacle avoidance
by force feedback than by vision feedback.
5.6 Conclusion
This chapter introduced and analyzed the functionality of EPC with FFJ as its force input
device. By using the FFJ, the users can feel the feedback from the environmental obsta-
cles and the deviation from the guide path, which guides them to avoid the obstacles on
the guide path and return to the guide path if no obstacles are on it.
A series of experiments are conducted to test if the force feedback functionality can
assist the users with vision impairment in approaching a target and avoiding the envi-
ronmental obstacles.
The results of experiments show that force feedback greatly improve the approaching
performance of the CWA and the addition of vision feedback to the force feedback does
not significantly improve the approaching performance of the CWA.
The results also indicate that the force feedback is an effective way to assist in the
obstacle avoidance when vision feedback is not available for the CWA users. In addition,
force feedback remarkably drops the vibration of the motion path in combination with
vision feedback.
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Chapter 6
Conclusions and recommendations for
future work
The main objectives of this research were to develop a wheelchair system that can cater
to the needs of the users. In particular, an EPC that was based on the Brent’s path
planner which could control the movement in a more stable and more maneuverable
way was developed and an FFJ was integrated in the CWA. The results showed that the
path following approach that had been used most often in the navigation of collaborative
robots could be adapted to the application for human-carrying wheelchairs such as CWA
to help disabled users regain their autonomy according to their own control abilities. The
main research contributions reported in this thesis are summarized below.
6.1 Contributions
The characteristics of the Brent’s path following planner were investigated and the new
EPC was developed on the basis of the path planner. Results demonstrated that, with
no external normal force, the EPC could implement the task of following the guide path
when the wheelchair is on the guide path and asymptotically approaching the guide path
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when the wheelchair is not on the guide path. This supports the observation previously
reported that the path follower is able to follow or return to the guide path [10].
On the other hand, when obstacles appear in the guide path, the EPC had the capability
to drive the wheelchair to deviate from the predesigned guide path with the normal
force component. The EPC has these characteristics because it can internally generate
a restoring force that pulls the wheelchair back to the guide path when the wheelchair
is not on the guide path. When the user exerts a normal force, the normal force will
overcome the restoring force and drive the wheelchair to deviate from the guide path.
The singularity issue was also addressed in this thesis. Even though the singularity issue
does not often occur during the motion procedures of mobile robots, it may occur at the
beginning of motion or when an abrupt change of input is imposed. This singularity
issue is due to the fact that the inverse of the control matrix is singular when the front of
the wheelchair is perpendicular to the guide path, causing the control input to approach
infinity, which causes the motion of the wheelchair to be out of control. Experimental
results indicated that the wheelchair moves abruptly far away from the guide path when
the heading direction of the wheelchair is perpendicular to that of the guide path, and
the wheelchair is unable to return to the guide path even though the normal force is
withdrawn afterwards. The occurrence of the singularity issue can pose a serious threat
to the stability and safety of the mobile robot. This issue was solved by a pure rotation
of the wheelchair which drives the wheelchair out of the singularity region.
A nonlinear EPC was proposed to help the wheelchair avoid large obstacles. The non-
linear EPC was shown to drive the CWA to deviate an unlimited distance from the guide
path by means of a limited value of normal force while always keeping the CWA mov-
ing stably and smoothly. This result is attributed to the fact that the inverse exponential
function included in the nonlinear EPC is a monotonic decreasing function with a limited
minimum value. Accordingly, the restoring force including this function is a monotonic
increasing function with a limited maximum value. The position error can become large
if the normal force is larger than the maximum value of the restoring force. The capacity
to avoid obstacles of any sizes conforms to the general criteria for designing an effective
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EPC [8].
The FFJ was also integrated into the CWA as an HMI. Experiments indicated that the
FFJ as an input device was able to help the users feel the feedback force so they could
adjust their input to avoid the obstacles and select a better way to approach the goal po-
sition. This functionality is needed in order to cancel out the mis-operation or neglect of
the users to the emergent situation in the environment. Experimental results indicate that
the force feedback alone is an effective tool to assist in target approaching and obstacle
avoidance. Moreover, force feedback can decrease notably the number of oscillations of
the motion path when it is combined with the vision feedback.
The newly developed EPC is significant in aiding in the mobility of CWA users with
disabilities, as well as in the development and application of path following planners for
common mobile robots. The tangent of the guide path instead of the actual path is used
as the reference vector for the EPC. The actual tangent is a local reference vector with
respect to the wheelchair, which easily leads to instability or a jerk when the input is
large or changes abruptly. In contrast, the desired tangent has a global meaning and can
be used as a reference vector to eliminate the instability issue.
Secondly, results for the nonlinear EPC are of considerable importance to the mobil-
ity task since they suggest that the EPC can be used in more extensive situations with
obstacles of any sizes.
Finally, force feedback joystick integrated into the EPC control system helps users to
prevent collision and drive the CWA back to the guide path without looking at the real
world.
6.2 Future work
Some directions are available as topics for future research on the basis of this thesis.
It is desirable to evaluate the driving performance of the CWA with FFJ by experiments
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using disabled users. The CWA with newly developed EPC has been tested by able-
bodied subjects. However, the driving performance of the CWA was not evaluated by
the disabled users who are actually the end users of the CWA product. For the disabled
people as the CWA drivers, the main difficulty lies in the effort that they may take to
move the wheelchair. Complexity of the operation is another big challenge to those with
mental impairment. Moreover, psychological factors such as sense of security, self-
esteem and impatience may also make it difficult to drive the CWA. So it is necessary to
design a set of experiment procedure to evaluate if the CWA can cater to different needs
of disabled users.
Future work may also study other forms of input as control commands, such as voice
recognition [86], movement of eyes [87], and head movements [88] for those users
who cannot use the joystick to control the wheelchair. Brain signals can also be used to
control the mobility task of the CWA [89]. These forms of commands may be integrated
into the present EPC to satisfy the needs of users with varying abilities.
Another research direction is to conduct localization for the CWA. The aim of the lo-
calization is to estimate the real-time position of the CWA so the controller can fulfill
the mobility tasks more accurately. The encoders mounted on the driving wheels of the
CWA can record the position relative to the start position of the CWA. However, the
absolute start position is not accurately known in current experiments. Accordingly, the
accumulative position errors during the whole experiment procedure may lead to colli-
sion of the CWA with the environment. Thus, it is necessary to adopt some devices to
detect the absolute positions of the CWA. Barcode scanning approach has gotten satis-
factory results for the CWA [90].
Still other possible direction is to do more tests about the selection of adjustment coeffi-
cient of the normal force. Equation (3.21) shows that the magnitude of normal force is
closely related to the adjustment coefficient β . Larger value of β generates a larger nor-
mal force to drive the CWA, which also makes it more difficult to control the driving of
the CWA. It is needed to do more trials to select a best value of β for the maneuverability
of the CWA.
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Appendix A. Research progress of
robotic wheelchairs
Robotic wheelchairs, or called Wheeled mobile robots (WMRs), are a kind of rehabil-
itation robots that have emerged over the last two decades because of their ability to
assist handicapped people who cannot drive the standard powered wheelchair. In de-
signing a WMR for the handicapped people, the main concerns are adaptability to the
needs and abilities of individual users and satisfaction of safety requirements. For these
people, it is significant to ensure that the remaining skills of the users can be adequately
exploited. As a result, research and industry focus more on semi - autonomous robots
than on fully autonomous wheelchairs, even though autonomous robotic wheelchairs
are still attractive to the research communities as mobility tool for users with the most
severe disabilities [91] [92] [93] [94]. Many autonomous control modes are integrated
with other modes [95] [96]. Most research projects that have been done or are under-
way address safety requirements, versatility of the mechanism, ergonomics, global path
planning, local obstacle avoidance, and/or human-machine interface (HMI).
“Shakey” [97], built by Stanford researchers in 1968, was the first mobile robot in
the world controlled by artificial intelligence. Shakey was driven by two motors and
equipped with sensing devices that included a TV camera, a triangulating range finder,
and bump sensors to collect environmental information that was transmitted to a room-
sized on-board computer. The computer directed commands to Shakey to move at a
speed of about 2 meters per hour. Driven by a problem-solving program called STRIPS,
the mobile robot found its path around the halls according to information about its en-
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vironment. Shakey’s younger cousin, “Flaky”, was enhanced with components such
as speech recognition and software. Even though it was tremendously bulky and slow,
Shakey undoubtedly initiated a new era of robotics and had a substantial influence on
modern artificial intelligence and mobile robots.
The CALL (Communication Aids for Language and Learning) [92] [44] Centre smart
wheelchair was invented by Edinburgh University mainly for children with severe dis-
abilities to give them a way to communicate, learn, play and gain some independent
mobility. The wheelchair is equipped with multiple switches, a scanning direction se-
lector and a communication aid board which can be adapted to the individual habits and
skill levels of the users. Many features are used to protect the users as well as the en-
vironment: Ultrasonic range finders are able to slow the chair before an obstacle, and
collision sensors can stop or turn the chair away when it contacts with the obstacle. The
bumpers protect the mobile system from being damaged when a collision occurs, and
a track-follower enables the wheelchair to follow some predefined lines on the ground.
The CALL wheelchair is simple in structure and functionality and easy to operate an ef-
fective tool for training children with disabilities to live independently and to encourage
them to regain their confidence and self esteem.
MANUS was a Dutch project to develop a wheelchair-bourn manipulator at the Insti-
tute for Rehabilitation Research (IRV) [98]. The MANUS manipulator consists of a 5
DOFs arm built on a rotating base and attached to variety of electric wheelchairs [99].
MANUS uses slip couplings and a watchdog to increase the safety of this manipula-
tor. The MANUS arm has been used to demonstrate the functionality of a proposed
wheelchair-based communication standard and was also used in an unstructured domes-
tic environment to show that it significantly improves a user’s ability to perform daily
tasks more independently [46]. Both the manipulator and the autonomous mobile base
provide opportunities for domestic applications of robotics.
The Tin Man [100] project was mainly concerned with the HMI and cost and was ded-
icated to development of a low-cost wheelchair so that mobility-impaired people could
move without collision in many typical environments [101] [102]. Tin Man is built on
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the basis of a commercial power wheelchair from the Vector Wheelchair Corporation.
Two driving wheels are centered on both sides, and two front casters and one rear caster
are linked to the base by springs. Several sensors are distributed around the wheelchair
and several pressure switches are mounted on the front bumper. Tin Man can assist in
obstacle avoidance, maneuvering through doorways and crowded places and interfacing
with a number of input devices.
The VAHM (Autonomous Vehicle for the Disabled) project [52] [103] was aimed at
developing a direct way of navigating a powered wheelchair to fulfill the autonomous
mobility task as well as to share control between human user and machine based on the
user’s abilities and the complexity of environment. VAHM used a three-level software
architecture on a ROBUTER wheelchair - executive level, control level and intelligent
level - which architecture enabled the wheelchair to switch among three control modes:
automatic mode, semi-automatic mode and manual mode. However, trajectory errors
could appear during navigation because of the inaccuracy of ultrasonic sensors, which
made it difficult for the VAHM to pass through some narrow passages, such as doorways
and corridors. Moreover, its complicated system made it difficult for the disabled people
especially the mentally impaired, to decide how and when to switch among the control
modes.
The Wheelsley project [104], developed by MIT AI Lab, was aimed at creating a robot
wheelchair for users who cannot drive the powered wheelchairs with standard input de-
vices. The Wheelsley was equipped with 4 sonar sensors and with Hall Effect sensors in
the front bumper and is able to navigate safely in an indoor environment using infrared
and sonar sensors. One camera and a notebook computer are used as a vision system for
collision avoidance and for staying on the sidewalk in outdoor navigation. Wheelsley
can also automatically switch between indoor and outdoor navigation modes. In ad-
dition, users can communicate with the control system using Graphical User Interface
(GUI) running in a Powerbook.
NavChair [51] implements local obstacle avoidance and wall following tasks in a clut-
tered environment through sonar sensors that detect the environment in the front of the
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wheelchair. An Error Eliminating Rapid Ultrasonic Firing (EERUF) method [105] is
employed to obtain a highly accurate sonar map by reducing the errors resulting from
the bad sonar readings. Navchair also employs a semi-autonomous navigation method,
allowing shared control between the human user and the machine, and can choose be-
tween multiple task-specific operating modes. The modified version [86] employs the
Bayesian networks reasoning mechanism to choose the optimal motion mode for the
wheelchair, e.g., wall following or door passage. A voice recognition interface is also
installed to enable users who cannot operate the joystick to maneuver the wheelchair.
TAO [106] is a series of robotic wheelchairs developed by Applied Artificial Intelligence
Inc. in Canada. TAO-1 (suited to the Canadian market) and TAO-2 (adapted for the
Japanese market) both have CCD color cameras as vision systems. Each version was
equipped with 12 infrared sensors and several bump sensors for obstacle avoidance and
maneuvering in complex environments. Control commands were sent to the wheelchair
by the keypad or joystick. Both wheelchairs are mainly used in indoor situations and are
able to move in standard office environments, follow walls, avoid obstacles and crowded
situations, pass through the narrow doorways, and so on. The TAO series has now been
upgraded up to TAO-7 [107] and provides an autonomous mobile base using behavior-
based AI (new AI) techniques. It can also use a voice recognition device to control
its behavior and can run using the conventional position control method by optional
encoders.
SENARIO (SENsor Aided intelligent wheelchaiR navigatIOn) [49] is an autonomous
wheelchair that provides with high-level navigation assistance to users with severe dis-
abilities. This wheelchair system includes 5 subsystems: sensor, user control, power
control, localization and risk avoidance. The center is the risk avoidance subsystem,
which processes the environmental information from the sensor, localization and con-
trol subsystems, and sends commands to the power control subsystem to drive the
wheelchair [108]. SENARIO can operate in two modes: Semi-autonomous mode and
Autonomous mode. In semi-autonomous mode, the controller accepts commands from
the user to move forward while avoiding obstacles according to environmental infor-
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mation from the on-board sensors. The user can override the system to execute some
special actions, such as approaching closer to a wall than the automatic system permits
so the control task is shared between the user and system. In fully-autonomous mode,
the system can locate itself and fulfill the mobility task using only the instructions of
the goal position. The system can plan a path according to the environment map and
avoid all the obstacles on the way to the goal. During the motion procedure, the user
can intervene with the system, as in the semi-autonomous mode.
OMNI (Office wheelchair with high Maneuverability and Navigational Intelligence) is
a European project developed in Germany [109] [48] [110]. The OMNI system can
move the wheelchair independently in all directions as well as in cramped office rooms
or bathrooms. The ultrasonic and infra-red sensors can automatically detect obstacles
and support the obstacle avoidance functionality. Alternate operating devices, such as
head or foot buttons, enable users who cannot maneuver the joystick to control the
mobility tasks. Users can also remotely control the devices using the environmental
control module
Robchair [111] [112] was developed by a research group from Portugal to assist people
with physical or mental disabilities to steer powered wheelchairs. Robchair is built on
the basis of a conventional powered wheelchair and equipped with a detecting system,
including 12 infrared sensors, 4 ultrasonic sensors, one tactile bumper and two optical
encoders. It provides several levels of functionality, including autonomous and assistive
modes, to suit users with different abilities. The potential field method and reactive path
planning approach are used for local obstacle avoidance,along with safety and improve-
ment of mobility. Robchair implements remote communication through Graphics User
Interface (GUI) and an Ethernet network to fulfill remote control tasks for disabled users
[88]. It can also be controlled through a standard joystick or a voice HMI as command
input device for those with serious impairment.
INRO, developed in Germany, is a wheelchair system with capabilities of indoor and
outdoor navigation. It uses the related sensor technique to assist handicapped users of
electrical wheelchairs with respect to navigation and obstacle detection [113]. It pro-
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vides functionality in hospital environments for convoying the multi-wheelchair driving
and autonomous driving on preset courses by sensor fusion of a differential GPS system,
an ultrasonic range sensor system, active laser markers and encoders [114]. A notebook
PC is used for data processing and control, a joystick is employed as input device, a
display is used as output device, and a radio modem is used to communicate with the
central control station for safe reaction in case of emergencies.
HelpMate is an intelligent material transportation mobile robot used to transport items
in a hospital environment. It provides autonomous navigation along the passages of
a hospital, crossing interconnecting corridors and communicating with the outside by
radio. By using sensory data, it can follow straight paths to reach its goal position
and it is also able to sense obstacles on the path and modify the path to avoid them
[115]. Ultrasonic ranging sensors are mounted around HelpMate to locate the robot
and measure the environment, such as the location of walls and obstacles, through a
structured light vision system that detects the obstacles accurately. Contact bumpers and
dead-reckoning navigation in reference to the ceiling lights are also used to complete the
sensing and navigation tasks [116]. Sensor-based motion planning algorithms are also
used to handle the problem of navigation in unknown and unstructured environments and
to handle unmodeled factors such as sensory inaccuracies, position estimation errors and
moving obstacles [117]. A behavior-based fuzzy control approach combines the data
from all the sonar sensors to fulfill the tasks of wall-following, goal-seeking, obstacle
avoidance, emergency-handling, and so on [118].
SIAMO (Integral System for Assisted Mobility) was developed in Spain. The main ob-
jective of the project was to design a versatile modular electronic system on the basis
of a conventional powered wheelchair to fit the different needs of potential users [119].
The system architecture of the SIAMO prototype is composed of four functional blocks:
Power and motion controller, HMI, environmental perception and integration, and navi-
gation and sensory integration. Each functional block includes several optional modules
to suit the individual needs of each user, and the modules are connected by LonWorks
Serial Bus for communications. The HMI incorporates special command input forms,
NATIONAL UNIVERSITY OF SINGAPORE SINGAPORE
138
such as breath expulsion, head movement, and voice [120]. A face-tracking system is
also employed to compute the head movements of the user, and some commands are
given to control the wheelchair accordingly. The system can learn the face features for
people of different races, and it is adaptive to light and background variations in indoor
environments [121].
LUOSON-III, which was developed in Taiwan [79], provided an assistant control mode
especially developed for the blind wheelchair users. 16 ultrasonic range sensors are
distributed around the wheelchair to detect obstacles in the environment. A force feed-
back joystick is applied to transmit the user’s command to the wheelchair and to reflect
the environmental information to the users by simulating the effect of a wall or other
objects. At the same time, gray theory was used to predict the target position, and look-
ahead fuzzy logic was used for the motion control of the tracking robot in an unknown
environment [122]. In order to solve the multiple data fusion problem, which limits
the application and performance of the controller, the Hierarchical Grey-Fuzzy Motion
Decision-making (HGFMD) algorithm was used to fuse the multiple sequential data and
prediction results for decision-making [123] [124].
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Appendix B. Questionnaire about the





1. Do you have experiences of driving the wheelchairs? A. Yes B. No
2. Do you think that the force feedback function is an effective tool for obstacle avoid-
ance of the wheelchair?
A. Strongly agree B. Agree C. Not available D. Disagree E. Strongly disagree
3. How do you evaluate the function of vision in the obstacle avoidance without force
feedback?
A. Very effective B. Effective C. Average D. Ineffective E. Very ineffective
4. How do you evaluate the function of vision in the obstacle avoidance with force
feedback?
A. Very effective B. Effective C. Average D. Ineffective E. Very ineffective
5. What do you think about the effort that the user takes assisted by vision?
A. Very high B. High C. Average D. Low E. Negligible
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6. What do you think about the effort that the user takes assisted by force feedback?
A. Very high B. High C. Average D. Low E. Negligible
Signature:
Date:
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